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INTRCDUCTION 
Naphthalene i s the most abundant single ccmpound of coal 
t a r . I t occurs i n about 7 -£^ concentration i n horizontal r e t o r t 
t a r s , i n about Jfo concentration i n v e r t i c a l r e t o r t tars, # i i l e i n 
coke oven tars, the concentration varies between Jfo and 12$> the 
average being about 5^. This large variation i s due to the different 
sources of coke oven t a r s . Low temperature t a r s contain only traces of 
naphthalene and consequently are not of great importance frcm the 
point of view of naphthalene extraction. 
The i n d u s t r i a l demand for naphthalene has, i n the past, 
been r e s t r i c t e d and t h i s has influenced the quality of naphthalene 
extracted, i n that only the simplest forms of extraction were economically 
a t t r a c t i v e . According to the Ministry of Power S t a t i s t i c a l Digest, 
the t o t a l annual production of a l l grades of naphthalene i n the U.K. far 
the years 1950, 1955, 1956, 1957, 1959 and I96O was as follows. 
(See Table 1.) 
TABLE 1 
FRQDUCTICK OP NAPHTHALENE IN UNITED KINGDCM 
Year ' Total Production i n Tons 
1950 39,900 
1955 50,000 
1956 52,100 
1957 49,600 
1959 62,600 
1960 74,200 
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In 1955, the totaJ. production figures for the year were as 
follows:- 574,931 tons of horizontal r e t o r t and intermittent v e r t i c a l 
r e t o r t t a r , 1,256,879 tons of continuous v e r t i c a l retort tar and 
1,101,294 tons of coke oven tar. 
The t o t a l potential production of naphthalene was, therefore, 
nearly 180,000 tons as against an actual production of 50,000 tons. This 
vast difference between the potential naphthalene available and the 
actual amount extracted i s mainly die to the r e s t r i c t e d demand for 
naphtheilene. Another factor which has contributed to the low production 
of naphthalene has been the attitude of industry to treat naphthalene as a 
by-product during the production of other materials. Consequently maximum 
plant eff i c i e n c y has. been directed towards production of the msdn material, 
such as l i g h t aromatic fractions for the manufacture of motor s p i r i t . I n 
recent years, the demand for phthalic anhydride for use i n the manufacture 
of r e s i n s and p l a s t i c i s e r s , and the demand for intermediates for dyestuffs 
and other fine chemicals, has increased considerably. In responses, the 
demand for suitable grades of najdithalene has also increased, bringing 
with i t a daneind for better and more e f f i c i e n t forms of extraction from 
the crude coal t a r . 
Before discussing the more theoretical aspects of naphthalene 
extraction, i t i s considered appropriate to give a br i e f outline of 
the t r a d i t i o n a l methods of naphthalene extraction, i n view of the fact 
that modern separation processes s t i l l follow the same general sequence 
of operations. 
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The t r a d i t i o n a l method consists f i r s t l y , i n the d i s t i l l a t i o n 
of the crude tar t h r o u ^ a simple pot s t i l l or a continuous pipe s t i l l , 
to produce an o i l containing approximately 5C^ naphthalene and boiling 
over the raiige 170°-250°C. The naphthalene containing o i l i s then 
allowed to cool to atnospheric temperature, generally i n open, unlagged 
pans, and the c r y s t a l s separated from the excess o i l by gravity draining, 
or, a l t ernately by mechanical pressing. 
The s o l i d naphthalene cake, vrfiich s t i l l contains sane 25-3C9'o 
adhering o i l s i s then remelted and subjected to chonical washing i n the 
following manner :-
Sulphuric acid of 94-96!^  concentration i s employed to remove 
basic canponents such as pyridine and dimethyl pyridines and to remove 
others tiirough condensation and polymerisation reactions. Water washing 
i s then employed to remove excess acid and any mter soluble products 
formed a f t e r the a c i d trea-fanent, follovred by a f i n a l washing with \Qfo 
sodium hydroxide solution to remove phenolic compounds and to neutralise 
the o i l . The o i l -washed in t h i s manner i s then d i s t i l l e d through a pot 
s t i l l to produce naphthalene of approximately 94-96^ purity, the grade 
required for phthalic anhydride manufacture. 
The modern approach to the extraction of naphthalene s t i l l 
follows the same general outline, i n that a naphthalene o i l i s f i r s t 
obtained fron the crude t a r . Further separation of the naphthalene o i l 
i s then achieved either by fractionation or by c r y s t a l l i s a t i o n followed 
by mechanical separation. 
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Mechanical separation involves either centrifuging, gravity 
draining cr o i l extrusion. Occasicaaally, a conbination of both physical 
and mechanical processes are employed together. 
The technique of sublimation i s a further method of separation 
Tuiiich could be applied to the naphthalene o i l immediately after chemical 
washing. This method however, i s not onployed, since i t tends to 
produce a naphthalene of purity higher than the specified phthalic 
anhydride grade {9k-96fo naphthalene) with a correspondingly lower 
recovery. The method does fin d occasional use i n the further p u r i f i c a t ion 
of phthalic anhydride grade naphthalene. 
Referring to the former techniques of physical and mechanical 
separation, a l o s s of naphthalene inevitably occurs, and the problem 
facing the plant chanist or chemical engineer i n the tar industry, resolves 
i t s e l f into the proper choice of the best sequence of operations to 
achieve, under the conditions peculiar to h i s refinery, the maximm 
econanic y i e l d of naphthalene of specification quality. 
Chanical analysis of the naphthalene o i l shows that only 
50-55^ of the o i l i s naphthalene, and that the remaining 45-5C^ contains 
a wide range of compounds -vriiich can be grouped into three categories, 
namely aci d i c , basic and neutral. 
Acidic Group 
Conpounds belonging to this group are es s e n t i a l l y phenolic i n 
character, and can i n theory be removed by washing the o i l with caustic 
solution. However, i t has been observed experimentally, that the 
s o l u b i l i t y of phenols i n caustic solution, decreases with the number of 
a l k y l groups attached to the nucleus. Since increased molecular weight 
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A c i d i c Group (Cont'd) 
i s associated w i t h increased b o i l i n g p o i n t , there are i n e v i t a b l y traces 
of high b o i l i n g phenols present i n the o i l even a f t e r washing v/ith 
c a u s t i c s o l u t i o n . 
Basic Group 
Conpounds comprising t h i s group are p y r i d i n e , q u i n o l i n e , and 
t h e i r associated hcmologues. Washing of the o i l w i t h d i l u t e s u l p h u r i c 
a c i d w i l l ronove most of the low b o i l i n g bases, but the high b o i l i n g 
bases, such as q u i n o l i n e and i s o q u i n o l i n e are not completely ronoved w i t h 
d i l u t e a c i d washing. Washing of the o i l w i t h concentrated a c i d i s not 
p r a c t i c a b l e a t t h i s stage, since polymerisation occurs, r e s u l t i n g i n 
the foarmation o f unwanted resinous m a t e r i a l , and loss of naphthalene 
occurs, through the forraation of sulphoric acids. 
N e u t r a l Group 
Compounds w i t h i n t h i s group are thionaphthene, methyl 
naphthalenes, dimethyl naphthalenes, indene, and other compounds not 
removed by treatment of the o i l w i t h a c i d and caustic s o l u t i o n . Their 
ranoval must, t h e r e f o r e , be achieved by a l t e r n a t e means. 
W i t h i n these three groups are compounds -which can e f f e c t 
s e r i o u s l y the e f f i c i e n c y of any separation techniqae applied t o t h i s system, 
The system of naphthalene e x t r a c t i o n i n operation at the works 
of North Eastern Tar D i s t i l l e r s , a t the time of t h i s i n v e s t i g a t i o n v/as 
capable of upgrading a naphthalene o i l c o n t a i n i n g between 5C^ and 6Cfc 
naphthalene, t o give a product containing 96^ naphthalene and w i t h a 
52^ recovery f i g u r e . (Recovery i s the tenn used to denote the q u a n t i t y 
o f avai5.able naphthalene recovered from the o i l ) . 
WASHED 
I P H T H A L E N E O I L 
F R C M 
T O N P I P E S T I L L 
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The system shown diagramraatically belor; consisted of: 
DIAGRMl 1 
ORIGINAL SEPARATION SYSTM 
C r y s t a l l i s e r 
EXCESS OIL 
8C^ Naphthalene 
D i s t i l l a t i o n 
Unit 
96^ Naphthalene 
OVERALL RECOVERY 53?5 
(1) Primary d i s t i l l a t i o n of a crude t a r mixture through a V/ilton 
continuous pipe s t i l l (see Diagram 8 f o r d e s c r i p t i o n and f l o w 
diagram) t o give a naphthalene o i l b o i l i n g over the range 
190-250°C. Since the W i l t o n s t i l l d e l i v e r s f i v e product 
sidestreams, of which the naphthalene o i l i s one, i t was 
possible through adjustment of the sidestream temperature 
range, t o concentrate the b u l k of the naphthalene i n the 
one f r a c t i o n . A c e r t a i n amount (approx. 15^) of the naphthalene 
i s i n e v i t a b l y l o s t i n the two sidestreams above and below the 
naphthalene o i l sidestream. 
(2) The naphthalene o i l sidestream was then washed w i t h a IC^ 
cau s t i c s o l u t i o n t o remove phenolic compounds, a f t e r TThich, the 
washed o i l was allov/ed t o c o o l n a t u r a l l y i n open u n s t i r r e d 
c r y s t a l l i s e r s . A f t e r c r y s t a l l i s a t i o n , the excess o i l was 
allowed t o d r a i n g r a v i t a t i o n a l l y f r a n the bottoa of the 
c r y s t a l l i s e r . 
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(3) The c r y s t a l l i s e d product vdth a naphthalene content of approx. 
8(y/o, and a recovery f i g u r e of approx. 8 C ^ , was then f r a c t i o n a t e d 
through a continuous twin-column d i s t i l l a t i o n u n i t (see diagram 
/^ - f l o w sheet ) t o give an overhead product containing 96^1 
naphthalene, and w i t h a recovery f i g u r e of 
Thus the o v e r a l l recovery of product containing 96?^  
naphthalene, through the two separation stages, amounted t o 52?S of the 
a v a i l a b l e naphthalene i n the naphthalene-oil system. 
Although a product containing 96^ naphthalene, s a t i s f i e d the 
p u r i t y s p e c i f i c a t i o n of " p h t h a l i c anhydride" grade naphthalene, a 
recovery f i g u r e of 52^ 'was considered t o be very low, and in d i c a t e d poor 
e f f i c i e n c y a t some stage or stages i n the separation sequence. Thus an 
i n v e s t i g a t i o n was undertaken t o increase t h e recovery f i g u r e from 52^ 
t o a minimum of 9C^, w h i l s t a t t h e same time, maintaining the desired 
product p u r i t y of 9^ naphthalene. Therefore, the i n v e s t i g a t i o n was 
based on a study of the p h y s i c a l and chemical f a c t o r s a f f e c t i n g the 
e f f i c i e n c y of each of the a v a i l a b l e separation processes, w i t h a view 
t o developing a new or modified separation sequence capable of achieving 
the d esired recovery and naphthalene p u r i t y . 
The m o d i f i e d system developed as a r e s u l t of t h i s work has 
been operated s u c c e s s f u l l y a t the works of North Eastern Tar D i s t i l l e r s 
L i m i t e d , and has shewn a s u b s t a n t i a l improvonent over t h e o r i g i n a l 
syston. 
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THE PRCroCTIQN OF NAPHTHALENE OIIS 
Naphthalene o i l s are produced fron crude tar by d i s t i l l a t i o n 
i n either a simple pot s t i l l , or i n a continuous pipe s t i l l . The 
b o i l i n g range of the o i l l i e s between 170°C and 250°C and the y i e l d of 
o i l on the tar varies between 8^ and 15^ iaccarding to the origin of the 
t a r . This primary d i s t i l l a t i o n process i s very important i n that i t 
determines the chemical ccmposition of the o i l , and hence the r e l a t i v e 
ease of further separation. The amount of naphthalene present i n the 
o i l i s approximately 5C9S, but t h i s figure depends upon the degree of 
separation achieved i n the d i s t i l l a t i o n unit and on the type and nature of 
the crude t a r . I n general the separating power of a tar d i s t i l l a t i o n 
unit i s very low, and the main factor i s the ccmplexity of the tar being 
d i s t i l l e d . 
I t i s known that certain phenolic canpounds present i n the tar 
are capable of fonning azeotropes with naphthalene^^ ^  eind t h i s causes a 
considerable "spread" of naphthalene throughout the d i s t i l l a t i o n range. 
Thus f o r a tar containing phenolic canpounds, the y i e l d of naphthalene 
i n the o i l would be l e s s than that obtained for a tar r e l a t i v e l y free 
fraa phenolic ccmpounds, vihen d i s t i l l i n g over the same temperature range. 
Fran the consideration of naphthalene recovery alone, i t i s 
better to operate the primary d i s t i l l a t i o n stage to produce a larger 
quantity of a more dil u t e o i l , thus ensuring a greater naphthalene 
recovery. Unfortunately t h i s practice can lead to d i f f i c u l t i e s during 
c r y s t a l l i s a t i o n as w i l l be shown l a t e r . 
Table 2 shows the variation of naphthalene concentration with 
type of tar and type of d i s t i l l a t i o n unit i n operation. 
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THE CHMICAL CCMPOSITICTJ OF THE NAPHTHALENE OIL 
(2) At the present time, sane ninety canpounds having boiling 
points within the range 170°C to 250°C have been identified i n high and 
medium temperature t a r s . Fran t h i s number, 42 canpcunds are phenolic, 
24 are basic and 6 are either n i t r i l e s , amides or acids, Trealanent of 
the hot naphthalene o i l with caustic solution to ronove phenolic canpounds 
and with acid to ronove basic canpounds, would leave 18 canpounds to be 
removed by alternative means. These canpounds together with their 
boiling points and c r y s t a l l i s i n g points, where known, are shown i n Table 3. 
The l i s t of canpcunds shown i n Table 3 i s intended to show 
the range of canpounds which can be present i n a naphthalene o i l and the 
implication i s not that a l l these canpounds are present i n every 
naphthalene o i l , 
TABLE 3 
POSSIBLE CCMPCfJENTS OP WASHED NAPHTHALENE OIL 
Canpound B.Pt.°C C,Pt.°C 
6- Methyl Coumarone 190,0 — 
Durane 191.0 80.0 
5- Methyl Coumarone 192.0 -
Isodurene 195.0 (-) 24.1 
Acetophenone 202.0 20.5 
4- Methyl Hydrindene 203.0. -Prehnitine 203.5 (-) 6.4 
T e t r a l i n 207.4 (-) 35.8 
4- Methyl Indene 208.3 -3.6 Dimethyl Coumarone 216.0 -
Dodecane 216.3 -Naphthalene 217.9 80.3 
Phenyl Ethyl Ketone 218.0 19.5 
4,5 Dimethyl Coumarone 221,0 -Thionaphthene 221.5 31.3 
4.6 Dimethyl Coumarone 
2- Methyl Naphthalene 222.0 
— 
241.1 34.5 
1- Methyl Naphthalene 244.7 (-) 30.6 
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GENERAL METHODS OF SEPARATION 
I t has p r e v i o u s l y been stated t h a t two types of separation 
eire a v a i l a b l e f o r the naphthalene-oil system, namely f r a c t i o n a t i o n and 
mechanical means. F r a c t i o n a t i o n can be e i t h e r batch or continuous, 
w h i l s t mechanical separation r e f e r s t o c e n t r i f u g i n g or o i l d r a i n i n g . 
FRACTIONATION 
Continuous f r a c t i o n a t i o n i s encountered more f r e q u e n t l y i n 
i n d u s t r y than batch f r a c t i o n a t i o n . This t r e n d i s i n general due t o : -
(a) reduced process costs r e s u l t i n g from continuous operation 
of the column a t steady c o n d i t i o n s . 
. (b) r e l a t i v e ease of operation a r i s i n g f r o n the constant feed 
q u a l i t y and t o the steady state conditions e x i s t i n g v / i t h i n the 
column. 
The separation of a b i n a r y system i s considered f i r s t since t h i s 
i s t h e simplest type of system encountered, and the p r i n c i p l e s involved 
d u r i n g the a n a l y s i s of such a system can be discussed more f u l l y . F i n a l l y 
the separation and analysis of the multi-conponent system i s discussed. 
Binary Systgns 
To determine the separating power of the column or a l t e r n a t e l y , 
the degree of separation -which can be expected f r a n a given column, i t i s 
necessary t o determine the change i n conposit ion of boty l i q u i d and vapour 
f r a n p l a t e t o p l a t e , throughout the column. The degree of separation 
achieved depends upon f o u r main f a c t o r s : -
(1) the r e l a t i v e v o l a t i l i t y of the conponents 
(2) the r a t i o of r e f l u x r e t u r n i n g dovm the column t o vapour 
r i s i n g up the column ( r e f l u x r a t i o ) 
(3) the height and cross sectional area of the column 
(4) the degree of contact between l i q u i d and vapcxir v^iich can 
be a t t a i n e d v / i t h i n the column 
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Binary Systems (Cont'd) 
Factor ( l ) i s fixed by the nature of the canponents to be 
separated 
Factor (2) i s dependent upon operating conditions and can be 
varied within l i m i t s imposed by the colijnn design. 
Factor (3) i s fixed, depending upon the colimn design. 
Factor (4) i s dependent upon the design of the column packing and 
on the r e l a t i v e amounts of the tv/o phases present i . e . r e f l u x r a t i o . 
The c l a s s i c a l methods available for detemining coliomn separating 
power can be considered under three general headings, namely:-
(1) plate to plate calculations 
(2) graphical methods 
(3) algebraic methods 
The f i r s t plate to plate method developed by Sorel^^^ consisted 
of calculating the enrichment fran plate to plate, by equating the amount 
of energy and matter entering and leaving each plate and by assming that 
canplete equilibrium between l i q u i d and vapour occurred on each plate. 
PLATE-
\ 1 Lr\-i-i 
I 
In t h i s manner Sorel was able to r e l a t e Y and x . for each 
n n + 1 
plate throughout the column, where Y^ - mole fract i o n of more v o l a t i l e 
canponent i n vapour on plate n. 
^ ^ - mole fraction of more v o l a t i l e canponent in l i q u i d on 
plate n + 1. 
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Binary Systems (Cont'd) 
Successive application of t h i s treatment to each plate in turn 
rendered the method veiy tedious and involved a considerable amount of 
t r i a l and error work, especially for cases where a large number of plates 
were involved. 
Accordingly the methcjd has been modified by l a t e r workers 
i n order to simplify the necessaiy calculations. Four assumptions are 
generally made namely:-
(a) Sorels' o r i g i n a l assumption of complete equilibrium at each plate, 
(b) the latent heat of vaporisation per mole of the components are 
the same, so that condensation of one mole of vapour releases 
s u f f i c i e n t heat to vaporise one mole of l i q u i d . 
(c) the components o b ^ Raoults* law. 
(d) the ccxLunm i s adiabatic and no heat of mixing occurs. 
Conditions (b) and (c) are nonnally approximately true but 
condition (a) i s never achieved i n practice. Thus the separation achieved on 
an i n d u s t r i a l column w i l l be l e s s than that expected from the number of 
t h e o r e t i c a l plates upon which cooaplete equilibrium' i s assumed. The 
percentage of the theoreti c al separation actually achieved i s known as the 
plate e f f i c i e n c y of the column. 
With the application of the above assumptions the r e l a t i o n between 
and ^ becomes a straight l i n e with slope equal to ^ where:-
0 - t o t a l moles of overflow from one plate to the next per unit time. 
V - t o t a l moles of vapour passing from one plate to the next per unit time. 
On the b a s i s of the necessary operating variables being fixed, the equation 
between Y^ and ^ ^ i s completely defined. Plate to plate calculations 
are thus made very much easier but s t i l l tedious for a large number of plates 
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The observation that the r e l a t i o n between and _^  ^ above 
the feed plate and Y^ ^ and ^ belovir the feed plate, corresponded to the 
(5) 
equations of two straight l i n e s , led McCabe and Thiele^ to aiggest 
incorporating the two l i n e s on the same diagram as the equilibrium curve, 
thus giving a graphical solution to the number of stages required. The 
main advantages of t h i s graphical method are:-
(1) speed of manipulation, especially #iere a moderate number 
of plates are involved. 
(2) the effects of equilibrium changes and operating 
conditions can be v i s u a l i s e d . 
(3) limiting operating conditions are easily determined. 
Several mathematical equations have been developed for pre-
dicting column performance, such that i n certain special cases an 
elementary substitution i n a formula w i l l give the desired r e s u l t . The 
best known of these equations are probably the Penske and Undervrood 
equation^^\ the Lewis equation^^^ auid the anoker equation^^^. The 
Penske and Underwood equation r e l a t e s the number of theoretical plates 
i n the column to the r e l a t i v e v o l a t i l i t y for ideal solutions, assuming 
the column to be operating under t o t a l reflux. The Penske-Underwood 
equation can be expressed as:-
log oC 
where X. ^ - mole fract i o n A i n liquid 
^ g - mole fract i o n B i n l i q u i d 
^ ^ - mole fr a c t i o n A i n vapour 
u „ - mole f r a c t i o n B i n vapour 
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The anoker equation again involves the r e l a t i v e v o l a t i l i t y 
but has been developed to enable the prediction of the plates necessary 
to e f f ect a given separation between any desired concentrations and at anjr 
fixed reflux r a t i o . Although for a number of spe c i f i c cases, these 
equations are useful for obtaining a quick r e s u l t , i n general, the 
canplex form of the equations limits t h e i r application. 
The above, br i e f discussion of the better known methods 
available for analysing and predicting colimm perfoimance (binary 
systons) caji be found f u l l y discussed in a number of standard texts, 
such as, "Elonents of Fractional d i s t i l l a t i o n " - Robinson & G i l l i l a i i d , and 
"Chanical Engineering" - Coulson & Richardson. 
Multi-Sonponent Systgns 
Fundamentally, the estimation of the number of theoretical 
plates required for the continuous separation of a multi-conponent 
mixture, involves the same principles as those given for a binary 
mixture. Thus the operating l i n e equations for each canponent i n a multi-
ccmponent mixture are similar i n form mth those given for binary mixtures. 
However, i n the case of the binary system, f i x i n g the total pressure and 
the concentration of one ccoiponent i n either the liquid or vapour, 
immediately f i x e s the tanperature and conposition of the other phase, i . e . 
at a given total pressure, a definite r e l a t i o n exists between x and y, 
allowing the construction of the x, y equilibrium curve. I n the case of a 
multi-conponent mixture of n conponents, in addition to the pressure, i t 
i s necessary to f i x (n - 1) concentrations before the system i s completely 
defined. Thus the x, y curve i s a function not only of the physical 
c h a r a c t e r i s t i c s of the other components but also of their r e l a t i v e amounts. 
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Multi-Conponent Systems (Cont'd) 
To obtain experimentally the equilibrium relationships for 
such a system, requires considerable data, and one of two methods of 
sim p l i f i c a t i o n are usually adopted. 
(a) Por many systems, p a r t i c u l a r l y those consisting of chanically 
similar substances, the r e l a t i v e v o l a t i l i t i e s of the conponents 
ranain constant over a wide range of tanperature and composition. 
Assume a mixture of canponents A, B, C, D, etc. to have mole 
fr a c t i o n x^, x^ ,^ x^, x^ etc. i n the li q u i d and y^, y^, y^, y^ 
etc. i n the vapour, then 
^a ^ ^b ^ ^c + V = ^• 
and £ a ^ ^ ^ £ c ^^d-' =_1_ 
^b -^ b •^ b -^ b •^b 
Therefore 0^  a b \ + Oi hh\ + OC cbfc + = 1 
^ ^ ^ ^b 
Where^^ denotes the r e l a t i v e v o l a t i l i t y of canponents A and B. 
Therefore \ , . a 
^ ^ ^b-
^b =JS 
^ 0( ab.xa 
since y x 
=0^ ab. 
^b ^ . 
then y^ = Q( ab. \ 
^ 0< ab. ^ a. 
Thus the l i q u i d and vapour ccmpositions can be related through 
the r e l a t i v e v o l a t i l i t y . 
(b) An alternative method, pa r t i c u l a r l y useful i n the petroleum 
industry i s to use the simple relationship:- y = Kx . 
a a 
Where K i s a function of the pressure, tanperature and component. 
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Multi-Canponent Systems (Cont'd) 
(b) (Cont'd) 
K values are known for a wide rajige of hydrocarbons and thus 
for special cases i t i s possible to use th i s relationship. 
The above discussion assumes that the complete composition of 
the l i q u i d a t some position i n the column i s known, as a starting point 
for the calculation. This i s not necessarily the case, and the d i f f i c u l t y 
a r i s e s fron the f a c t that there are a limited number of independent 
variables vriiich w i l l define the d i s t i l l a t i o n process, therefore, i t i s 
not possible to sele c t a r b i t r a r i l y the canplete composition of a l i q u i d 
or vapour at scsne position i n the d i s t i l l a t i o n systan. 
The estimation of the l i q u i d or vapour ccmpositictn at sane 
position i n the d i s t i l l a t i o n system can best be considered by a study 
of the variables involved i n the system. The number of variables i n -
volved i s considerable and includes such factors as:- the number of 
canpounds i n the feed and products; the canposition and quantities of 
feed and products; the quantities of interstage liquid and vapour flows; 
the number of plates or stages i n each section of the column; the 
temperature and pressure on each stage; and the heat supplied to, and 
rejected by the system. Some of the variables are intensive i n nature, 
and accordingly r e f e r to the thermodynamic properties of the fl u i d s , thus 
being independent of the quantities involved. The remaining variables 
are extensive i n nature and r e f e r to the r e l a t i v e quantities of material 
ard energy, such as feed, products and heat supplied. 
In a design calculation, i t i s necessary to determine the 
degree of freedan of the d i s t i l l a t i o n ^stem, or alternately, the 
number of independent variables which must be fixed i n order to define 
(9) 
the system ccmpletely. This has been discussed by G-illiland and Reed^ 
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Multi-Canponent Systgns (Cont'd) 
who showed that for a r e c t i f y i n g column, consisting of a t o t a l condenser 
a reboiler, a feed plate, n theoretical plates above the feed plate, and 
m theoretical plates below the feed plate, the degree of freedom for a 
system involving C components i s given by:-
P i g C + 2n+2m + 10 
To derive t h i s equation, i t i s necessary to determine i n i t i a l l y 
the t o t a l intensive and extensive variables, by application of the laws 
of conservation of matter and energy and the second law of thermo-
dynamics to each plate and section of the colimn. The determination 
of the intensive or theimodynamic variables involves, i n addition, the 
use of the phase r u l e , which predicts the number of thermod^Tiamic 
variables which must be a r b i t r a r i l y set before an equilibrium system 
becomes invariant. 
Although the phase r u l e i s fundamental, i t applies only to 
the thermodynamic variables, and accordingly, to obtain the t o t a l 
intensive and extensive variables, i t i s necessary to include the ex-
tensive quantity variables. Once the t o t a l variables for a l l sections 
of the systoji have been evaluated, the overall degrees of freedom of 
the syston are given by the difference between the t o t a l intensive and 
extensive variables and the number of equilibrium relations involving 
these variables. 
I n a design calculation, i t i s usual to define the canposition 
and conditions of the feed, the operating pressure of each plate, and 
the heat gain or l o s s to or frcm each plate and the condenser. Applica-
tion of the above technique to these four items, gives a t o t a l of 
C + 2n + 2ra + 6 variables, leaving four more variables s t i l l to be fixed. 
I n the case of a binary mixture, the choice of two independent terminal 
concentrations w i l l accordingly define the system ccmpletely, and thus 
give the complete conpositions of the d i s t i l l a t e and residue. 
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Multi-Component Systems (Cont'd) 
I n the case of the multi-conponent system, the complete 
composition of residue or d i s t i l l a t e i s s t i l l not determined, and i t i s 
necessary to estimate either the d i s t i l l a t e ctr residue canposition before 
proceeding with the calculation. I f , after calculation, a canponent 
material balance i s s a t i s f i e d , then the estimate was correct. Thus a 
c e r t a i n amount of t r i a l and error work i s necessary. 
I n the selection of two t e m i n a l concentrations i t i s 
convenient to sel e c t two key conponents, the light key component and the 
heavy key canponent. The former i s the more v o l a t i l e ccmponent whose 
concentration i t i s desired to control i n the'bottom product, and the 
l a t t e r i s the l e s s v o l a t i l e ccmponent whose concentration i s specified 
i n the d i s t i l l a t e . I f attention i s concentrated on the key components, 
i t i s often possible to simplify the handling of ccmplex mixtures. 
I n the p a r t i c u l a r case of the naphthalene-oil syston, the 
approach to lY^ictionation must be e s s e n t i a l l y empirical since direct 
application of the standard technique i s not possible because of lack 
of equilibrium data. I f the complete quantitative analysis of the o i l aind 
the vapour pressure-temperature relationships of each of the components 
were known, i t vrould be possible to calculate the degree of separation 
and thus the subsequent enrichment, of naphthalene o i l on a column of 
given separating power. However, a canplete analysis of a naphthalene 
o i l i s a d i f f i c u l t problem, and as yet, no such analysis i s available. 
Furthermore the analysis obtained and the subsequent data on the indi-
vidual components would be applicable only to the particular o i l i n 
question. Even i f the a n a l y t i c a l data were available, the time and amount 
of work required to determine the degree of separation achieved on a 
given column would be considerable. 
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Multi-Canponent Systems (Cont'd) 
A further d i f f i c u l t y a r i s i n g fron the canplexity of the 
naphthalene-oil, i s that of azeotrope formation. 
The formation of azeotropes fran coal tar mixtures has been 
studied extensively i n Poland i n recent years. In f a c t , a Polish 
worker Swietoslawski^"* \ considers coal tar and i t s fractions as 
polyazeotropic mixtures. Naphthalene i t s e l f forms numerous azeotropes, 
both binary and ternary, during the d i s t i l l a t i o n of the o i l , ajrd many of 
these azeotropes have boiling poirits very close to that of naphthalene. 
Typical canpounds which form these azeotropes are certain 
phenolic canpounds such as cre s o l s , and certain basic canpounds. ?/hilst 
most of these canpounds are ronoved by the i n i t i a l chemical treatment of 
the o i l , they are not a l l removed, and consequently, during fractionation, 
complete separation of the naphthalene i s impossible. A higher degree 
of separation i s of coiirse possible by the use of a high separating povrer 
colimin, but the benefit gained i s offset by the operating costs of such 
a column. 
A l i s t of the ageotropic mixtures formed with naphthalene i s 
shown i n Table 4. 
TABLE 4 
OBSERVED AZEOTRQPIC MIXTURES FORMED Y/ITH MPEiTHAIENE 
Conpound B.Pt. OC Azeotrope 
Meta-cresol 202.2 202.08 
p-ethyl phenol 218.8 215.0 
Catechol 245.9 217.45 
ethyl a n i l i n e 206.0 205.0 
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Thus to determine the degree of separation achieved by 
fractionation on a given column, i t i s necessary to consider more 
empirical methods, which i n general, tends to reduce the system 
to a pseudo binary s t a t e . 
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B n p i r i c a l Treatment 
A method has been developed by Rose and Sweeney^'''^^ for 
calculating the d i s t i l l a t i o n curve for a phenol free naphthalene-oil 
system. The method has been e^plied to batch d i s t i l l a t i o n only, and 
stipulates only one condition, namely, that pure or nearly pure naphthalene 
must occur at seme stage i n the d i s t i l l a t i o n product. 
The method considers a multi-canponent mixture as containing 
a number of binary mixtures, to which the McCabe Thiele technique can 
be applied. Thus for a three ccmponent mixture L, N and H, where L i s 
the most v o l a t i l e , H i s the l e a s t v o l a t i l e and N i s the intermediate 
(naphthalene) canponent, two curves for d i s t i l l a t e composition against 
percent d i s t i l l e d are calculated i n the usual manner, one for the L, 
N binary and one for the N, H binary. These r e s u l t s are then combined 
consistent with the charge composition, to predict a similar curve for 
the ternary case. 
The f i r s t stage i n the procedure i s to carry out two fr a c t i o n a l 
d i s t i l l a t i o n s , one at aimospheric pressure and the other at seme reduced 
pressure. From the boiling point curves, the r e l a t i v e v o l a t i l i t i e s of 
the three components can be calculated. The r e s u l t s of the atmospheric 
d i s t i l l a t i o n are plotted as shown i n Diagram ( l ) , r e l a t i n g percent 
naphthalene with percent d i s t i l l e d and overhead temperature with percent 
d i s t i l l e d . 
o 
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DIAGRAM 2 
AQ^IOSPHERIC DISTILIATICTT OF NAPHTHALENE OIL 
fo NAPHTHALENE 
BOILING POINT fc 
WEIGHT % DISTILLED 
At atmospheric pressure, there i s a constant-boiling material 
d i s t i l l i n g at about 2l6°C indicated by point B. This material i s 
approximately S&fo naphthalene and i s treated as the N component. There 
i s a def i n i t e plateau i n the boiling point curve (point c) and t h i s 
canponent and everything that b o i l s higher i s treated as the H component. 
Si m i l a r l y there i s em i n f l e c t i o n at point A, and t h i s material i s treated 
as the L canponent. The r e l a t i v e amounts of canponents L, N and H i n 
the charge are determined from the area irnder the canposition curve and 
the area outside the curve. 
The L, N binary i s considered f i r s t , and on the basis of a 
binary containing only L and N, the values of L and N can be calculated. 
From the above information and the calculated r e l a t i v e v o l a t i l i t i e s , 
a McCabe-Thiele diagram can be plotted for a given number of theoretical 
plates and fined r e f l u x r a t i o . The values of x^ can then be found 
for values of x^, where x^, and x^ represent the weight fractions of 
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the L canponent i n the d i s t i l l a t e and residue respectively. The 
Rayleigh equation which r e l a t e s the frac t i o n of the original charge 
remaining i n the pot, to the pot and d i s t i l l a t e composition i s then used 
to calculate x^ against percent L + N d i s t i l l e d . Values of x^ are then 
converted to weigh fractions of pure naphthalene, and the percent of 
L + N d i s t i l l e d i s converted to percent of t o t a l charge d i s t i l l e d . 
The N, H binary i s taken to consist of a l l the H component and 
enough N ccmponent to give an x^ value close to 1.0. Using the McCabe-
Thiele and Rayleigh methods as before, x^ i s calculated to weight fraction 
of pxre naphthalene ( i n t h i s case x^ refers to the N ccmponent) and the 
percent of the l a s t h a l f of charge i s converted to percent of t o t a l 
charge d i s t i l l e d . 
The data r e s u l t i n g flron the tvro binary calculations are then 
used to predict the curve of weight frac t i o n of naphthalene i n d i s t i l l a t e 
. against vreight percent d i s t i l l e d . This i s the essential information 
required for estimates of yield'and purity for a given column. 
As previously stated there i s one necessary assumption to be 
made i n order to calculate the N, H part of the curve, namely tliat pure 
W must appear i n the overhead at some point. I f t h i s occurs, then i t 
can be stated that :-
(1) a l l the heavy ccmponent i n the charge remains i n the pot, 
(2) a l l the l i ^ t canponent has- been removed. 
Thus there i s actually a binary i n the s t i l l at t h i s point and 
the Rayleigh calculation procedure applies. 
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This assumption however, may apply for naphthalene o i l s 
derived fran petroleum sources, but does not apply vihen the o i l i s of 
coal t a r origin. I t has previously been stated that naphthalene o i l s 
contain a number of compounds boiling very close to naphthalene (see 
table 3) and the overhead product must inevitably be contaminated. The 
extent of t h i s contamination can be seen by a reference to Table 8a 
(page 61) •vrfiere a naphthalene o i l on fractionation through a 50 
theoretical plate column, gave a maximum product purity of 9^. Thus 
the treatment w i l L break down when applied to coal tar naphthalene o i l s . 
P r a c t i c a l application of t h i s treatment to the recovery of naphthalene 
from coal t a r o i l s has resulted i n the "top" and "bottom" fractions 
containing, the calculated amount of naphthalene, but the purity of the 
naphthalene f r a c t i o n i t s e l f being 2-3^ lower than the calculated purity^ 
A further empirical treatment has been developed by Briggs, 
(12) 
Waddington and McNeil whereby the purity and recovery of naphthalene 
are r e l a t e d mathematically to the separating power, expressed as plate 
equivalents, of a batch column, the procedure being based upon data 
obtained frcm a minimum of three laboratory fractionations. 
The method i s based upon the fac t that vihen a phenol flree 
naphthalene o i l of coal t a r origin, i s d i s t i l l e d batchwise and the 
naphthalene content of the d i s t i l l a t e plotted against the amount d i s t i l l e d , 
a curve symmetrical or nearly so, i s usually obtained (see Diagram j ) . 
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DIAGRAM 3 
NAPHTHALENE DISTILLATION CURVE 
- r 
^ B 
WEIGHT % DISTILLED 
The diagram shows that the maximum naphthalene content occurs 
close to the mid-point of the d i s t i l l a t i o n . An alternative and more 
d i r e c t l y informative method of expressing the data for a fractionation 
i s to plot percentage naphthalene content against percentage recovery of 
naphthalene, using data for fractions symmetrically distributed about 
the centre of the curve ( l i n e A.B. Diagram j ) . For example, take the 
fra c t i o n boiling I C ^ before and IC ^ after the line AB, and c a l l t h i s the 
2C^ o f r a c t i o n . Calculations based on consideration of the areas linder the 
curve, give the recovery or percentage of the available naphthalene 
contained i n the given fraction, and the average naphthalene purity of 
the f r a c t i o n . This gives a point on a purity-recovery graph. Similarly 
points for the 4C^, 8C^, etc. fractions may be obtained and a li n e drawn 
on a plot such as Diagram 4 representing a l l data for a given degree 
of separation. Similarly other lines may be drawn representing data for 
different degrees of separation. Such a plot gives a v i s u a l picture 
of the relationships between numbers of plate equivalents, purity, 
recovery and fracti o n width for a given naphthalene o i l . I t i s however, 
purely a chart expressing experimental data, though i t i s possible to 
extrapolate data i n the following manner. 
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DIAGRAM 4 
DESIGN CHART FOR A NAPHTHALENE OIL 
^ 2C^ Fraction 
4C^ Fraction —-
\ 8C^ 
VPraction 
fo Recovery 
EXTRAPOIATICN OF EXPERIMENTAL DATA 
I f one takes the maximum purity of naphthalene obtained i n a 
batch fractionation ( y ) , the i n i t i a l naphthalene content (x) ar.d the 
number of plate equivalents (n) used to obtain t h i s product, then the 
above terms can be related by an expression:-
I = A — (1) . 
100 - y 100 - X ^' 
vrfiere A i s a separation factor vihose value for a given o i l depends on 
the r e l a t i v e v o l a t i l i t i e s of naphthalene and the remaining components i n 
the overhead, and those i n the pot, and on the degree of separation 
achieved. I t i s , therefore, an arbitrary constant dependent upon the 
ch a r a c t e r i s t i c s of the naphthalene o i l . 
When the values for the maximum concentration of naphthalene 
obtained by subjecting the same naphthalene o i l to batch d i s t i l l a t i o n 
at different degrees of separation are plotted against the calculated 
values for A (derived from equation 1 ) a linear relationship i s observed, 
as shown i n Diagram 5 . 
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DIAGRAM 5 
RELATION BET'.l/EEN PEM^ NAPHTHALENE PURITY 
AND SEPARATION FACTOR ~" 
SEPARATION FACTOR A 
Thus an equation of the forra:-
y = C - m (A - 1) (2) 
may be used to represent the variation of A with y, and constant (m) beir ^ 
the slope of the l i n e , and C being the intercept on the y axis when A = 1. 
i . e . the highest attainable naphthalene purity. I f instead of the peak 
purity, -vriiich may be considered as the condition of zero recovery, the 
average naphthalene contents for some f i n i t e recoveries are taken and 
these values inserted instead of y i n the equation, the values of A 
obtained at different plate equivalents are also found to be lin e a r with y. 
The l i n e s r e l a t i n g the value of the separation factors to the 
naphthalene contents for the zero,' hOfc and 80^ recovery are shonn in 
Diagram 6. These values are derived from the curves i n Diagram !+, the 
design chart.. 
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DIAGRAM 6 
AVERAGE PERCEI^ITAGE NAPHTHALENE AGAINST SEPARATION FACTCR 
FOR VARIOUS PERCENTAGE RECOVERIES 
Recovery 
4C^ Recovery 
8C^ Recovery 
SEPARATION FACTOR A 
I t i s interesting to note that the lines shorn i n the diagram, 
a l l converge at a maximum value of ( y ) , vrhen A i s equal to unity. This 
maximum value of (y) represents the highest naphthalene purity vThich i t 
i s possible to obtain fran the given o i l , by fractionation, even at 
i n f i n i t e numbers of plate equivalents. Thus t h i s maximum value of (y) 
i s i n effect a measure of the amount of material i n the o i l T ^ i c h either 
forms azeotropes with naphthalene or b o i l s at exactly the same temperature. 
Since a l l the necessary variables are now related, i t i s possible to 
calculate, the purity or recovery of naphthalene that can be obtained 
fran a given batch column of known plate equivalents. 
I n t h i s treatment i t i s implied that the separation i s dependent 
on numbers of plate equivalents only and not on reflux r a t i o . This i s not 
the case, and to achieve the separation required, the reflux r a t i o must 
be above the minimum value irrespective of the number of plate equivalents. 
With t h i s proviso, the method has been foimd to be satisfactory for the 
design of colijmns for the recovery of naphthalene from naphthalene o i l s 
by batch fractionation 
- 30 -
This p a r t i c u l a r treatment of the batch f r a c t i o n a t i o n of 
naphthalene o i l s i s based upon the empi r i c a l f i n d i n g t h a t naphthalene 
o i l s gave symmetrical d i s t i l l a t i o n curves. Continuous d i s t i l l a t i o n , 
i n which the o i l i s p a r t i a l l y separated i n a f i r s t column, t o remove 
l i g h t e r b o i l i n g canponents w i t h a minimum amount of naphthalene, and the 
bottcms f r o n the f i r s t column then separated i n a second column i n t o a 
naphthalene f r a c t i o n and a high b o i l i n g f r a c t i o n , i s a much more 
d i f f i c u l t problem. Rigorous p l a t e by p l a t e c a l c u l a t i o n s are not a t 
present possible ovidng t o the l a c k of a n a l y t i c a l and p h y s i c a l data 
concerning the i n d i v i d u a l canponents of the o i l . A s emi-oapirical t r e a t -
ment fctr the continucus separation of naphthalene o i l s i s a t present 
being developed a t the l a b o r a t o r i e s of the Coal Tar Research Association, 
but no data i s at present a v a i l a b l e . 
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SmMARY OF FRACTIONAL DISTILUTION AIO ITS 
APPLICATION TO THE NAPHTHALENE OIL SYSTM 
Batch or continuous f r a c t i o n a l d i s t i l l a t i o n can be anployed 
as a separation technique applicable t o the naphthalene o i l system. I t s 
use, however, i s very l i m i t e d . The ccmplex nature of the naphthalene o i l 
and the subsequent lack of a n a l y t i c a l and physic a l data concerning the 
o i l , prevents a r i g o r o u s p l a t e by p l a t e c a l c u l a t i o n of the degree of 
separation t o be expected f r a n a given column, and any such estimation 
must, t h e r e f o r e , be based on a more a n p i r i c a l approach. The occurrence 
i n t h e o i l system of azeotrope forming ccmponents and other close b o i l i n g 
ccmponents i n d i c a t e s t h a t a column of high separating pov/er would be 
r e q u i r e d t o o b t a i n both a high p u r i t y naphthalene and a high recovery 
of naphthalene. A c a l c u l a t i o n based on the batch d i s t i l l a t i o n approach 
(12) 
of B r iggs, Waddington and McNeil , shows t h a t t o obtain an 8(^0 
recovery of 96% naphthalene from a naphthalene o i l of coke oven source, 
a column of n e a r l y 200 p l a t e equivalents would be r e q u i r e d . Since the 
purpose of t h i s t h e s i s i s t o develop a method capable of producing a 
sofa recovery of SGfo naphthalene, then batch f r a c t i o n a t i o n or continuous 
f r a c t i o n a t i o n i s c l e a r l y u n s u i t a b l e as a s i n g l e operation. 
Continuous f r a c t i o n a t i o n however, does provide a satisfactory-
method f o r o b t a i n i n g a high recovery of intermediate p u r i t y naphthalene 
(approximately dCP/o) p r i o r t o f u r t h e r separation by a l t e r n a t e means. 
A h i g h recovery i s p o s s i b l e i n t h i s case, since naphthalene p u r i t y and 
recovery are i n v e r s e l y p r o p o r t i o n a l , and the column operating conditions 
can be adjusted t o m a i n t a i n a constant product p u r i t y . 
* Method described on page 25-
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Since c r y s t a l l i s a t i o n i s employed as a p r e l i m i n a r y operation 
t o f u r t h e r o i l separation, i t i s e s s e n t i a l t o be able t o determine the 
type and nature o f the c r y s t a l s produced londer varying operating con-
d i t i o n s , such as r a t e o f c o o l i n g , degree o f a g i t a t i o n , f i n a l temperature 
a t t a i n e d i n the c r y s t a l l i s e r and t o be able t o determine the e f f e c t on 
c r y s t a l s t r u c t u r e r e s u l t i n g f r o n the d i f f e r e n t types of i m p u r i t i e s 
present i n the c r y s t a l l i s e r . 
The o v e r a l l process of c r y s t a l l i s a t i o n can be considered t o 
occur i n two stages, namely, n u c l e a t i o n and c r y s t a l growth. I n the case 
of a pure s o l u t i o n , n u c l e a t i o n must occur f i r s t , but i n the case of an 
impure s o l u t i o n where s o l i d p a r t i c l e s are present, then c r y s t a l growth 
caji begin immediately, u t i l i s i n g the s o l i d p a r t i c l e s as n u c l e i . 
N ucleation 
The f c m a t i o n of n u c l e i i n the case of a pure s o l u t i o n or melt 
i s g e n e r a l l y considered t o f o l l o w a sequence i n which c o l l i s i o n of two 
molecules occurs f o l l o w e d by c o l l i s i o n w i t h a t h i r d molecule aind so on. 
Short chains cr f l a t monolayers can then form, upon -s^iich the c r y s t a l 
l a t t i c e can then develop. This r a p i d c o n s t r u c t i o n process can only 
. continue i n r e g i o n s of high supersaturation and even then the nucleus 
must f i r s t a t t a i n a c e r t a i n c r i t i c a l size i n order t o achieve s t a b i l i t y . 
A p i c t o r i a l r e p r e s e n t a t i o n o f the spontaneous nucleation regions i s 
given by Miers^''"^^ i n the form of a tonperature-concentration diagram. 
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A more rig o r o u s treatment of spontsmeous nucleation can 
be developed by considering the various energy requirorients of the 
system. U t i l i s i n g the Gibbs-Thonson equation f o r the vapour pressure 
of a l i q u i d d r o p l e t , axi expression can be derived which gives a 
measure of the v/ork of n u c l e a t i o n i n t ems of the degree of super-
s a t u r a t i o n of the systsn. 
i . e . w = 16 TT M ^ (1) 
3 (RT/o U . S } ^ 
where W = work of n u c l e a t i o n 
S = supersaturation of syston 
M = molecular weight 
*tr = surface energy of d r o p l e t per u n i t area 
/O - d e n s i t y of d r o p l e t 
When the s o l u t i o n i s saturated, S = 1 and Ln.S = 0, thus 
the amount of energy r e q u i r e d f o r n u c l e a t i o n i s i n f i n i t e . Consequently, 
spontaneous n u c l e a t i o n cannot occur i n a s o l u t i o n which i s j u s t 
s aturated. Conversely, any supersaturated s o l u t i o n can nucleate 
spontaneously, since there i s some f i n i t e work requirenent associated 
v/ith the process. 
A f u r t h e r r e l a t i o n s h i p between the excess f r e e energy of the 
system and the size of the nucleus shows t h a t nucleation can only 
continue when the nucleus a t t a i n s a c e r t a i n c r i t i c a l s i z e . 
The r a t e of n u c l e a t i o n can be expressed i n the form of the 
Arrhenius r e a c t i o n v e l o c i t y equation:-
N = A exp ( - A ^ ) (2) 
R T 
whereA G = o v e r a l l excess f r e e energy of the p a r t i c l e 
i . e . the work of n u c l e a t i o n W. 
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Fran equations (1) and (2) :-
N = A exp 16 f r - f f ' M ' 
3 TY'c^-'^y^ 
Thus the r a t e of n u c l e a t i o n i s shown t o depend upon three 
main v a r i a b l e s , namely, temperature, degree of supersaturation and 
i n t e r f a c i a l t e n s i o n . 
The dependance of n u c l e a t i o n r a t e upon temperature i s an 
important f a c t o r i n determining subsequent c r y s t a l s i z e . Reduced 
temperature r e s u l t s i n increased supersaturation aid consequently 
increased n u c l e a t i o n r a t e ; thus r a p i d c o o l i n g w i l l lead t o the formation 
of a large number of n u c l e i and subsequent small c r y s t a l s , whereas slov/ 
c o o l i n g produces r e l a t i v e l y few n u c l e i and subsequent large cr;>''stals. 
The e f f e c t s of i m p u r i t i e s upon nucleation are v a r i a b l e . 
S o l i d p a r t i c l e s present i n the system act as condensation n u c l e i 
thus i n i t i a t i n g the process of n u c l e a t i o n . Soluble i m p u r i t i e s can 
e f f e c t the r a t e of n u c l e a t i o n by a c t i n g as nucleation accelerators 
or i n h i b i t o r s , depending upon the system i n question and on the type 
of i m p u r i t y . 
C r y s t a l Growth 
The r a t e of c r y s t a l growth i n a s o l u t i o n i s dependent upon 
the concentration and tanperature of the l i q u i d at the c r y s t a l surface, 
on t h e degree of a g i t a t i o n , and on the type and nature of the 
i m p u r i t i e s present. 
On the basis of tenperature-concentration dependence, the 
question of heat and mass t r a n s f e r a r i s e s . The resistance t o heat and 
mass t r a n s f e r l i e s mainly i n the laminar sub-layer close t o the c r y s t a l 
surface, and thus i n c r e a s i n g the r e l a t i v e v e l o c i t y between l i q u i d and 
- 35 -
C r y s t a l Growth (Cont'd) 
c r y s t a l surface through the medium of a g i t a t i o n , w i l l increase the 
t r a n s f e r r a t e and consequently increase the c r y s t a l growth r a t e . I n 
the case o f a s o l u t i o n , mass t r a n s f e r i s more important than heat 
t r a n s f e r , and thus a c o n centration gradient between l i q u i d and c r y s t a l 
surface i s necessary. Thus increased l i q u i d concentration r e s u l t s i n 
increased c r y s t a l gcovtth r a t e . 
I n the case of a m e l t , heat t r a n s f e r i s the importamt f a c t o r , 
and thus a temperature grad i e n t i s r e q u i r e d . Incxreasing the degree of 
supercooling, t h e r e f o r e , inproves the heat t r a n s f e r , and consequently 
increases the c r y s t a l growth r a t e . 
The e f f e c t s of jmpxH-ities are v a r i a b l e . Certain soluble 
i m p u r i t i e s w i l l r e t a r d c r y s t a l growth by adsorption onto the c r y s t a l 
surface, w h i l s t others are adsorbed onto one s p e c i f i c c r y s t a l surface 
o n l y , thus modifying the shape of the c r y s t a l . A f u r t h e r type of 
i m p i i r i t y can i n t e r f e r e w i t h the c r y s t a l s t r u c t i i r e as i n e u t e t i c and 
mixed c r y s t a l f o r m a t i o n . 
The mechanism of c r y s t a l growth i s not at a l l c l e a r . Many 
attempts have been made t o e x p l a i n the mechanism, and these can be 
broadly c l a s s i f i e d under three general headings, namely "Surface Energy", 
" D i f f u s i o n " , and "Adsorption - l a y e r " t h e o r i e s . 
Surface energy t h e o r i e s are based on the p o s t u l a t i o n of Gibbi'^^^ 
and Curie^'^'^^ t h a t a growing c r y s t a l assumes a shape, such t h a t the 
surface energy i s a minimum. The d i f f u s i o n theories o r i g i n a t e d by 
Noyes^''"^^, and Whitney^^'^^ and Nemst^^'''^ assume the continuous 
d e p o s i t i o n of matter on a c r y s t a l surface a t a r a t e p r o p o r t i o n a l t o the 
d i f f e r e n c e i n concentration bet^veen the d e p o s i t i o n p o i n t and the b u l k of 
. (22) 
the s o l u t i o n . Adsorption - l a y e r t h e o r i e s f i r s t i n t r o d u c e by Volmer 
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assume c r y s t a l grovrth t o be a discontinuous process, proceeding by 
a d s o r p t i o n , layer by l a y e r , onto the c r y s t a l surfaces. 
The e a r l i e r surface energy approach has l a r g e l y f a l l e n into 
disuse, Tfliiilst recent modifications have been based on the adsorption-
l a y e r theory. Such a m o d i f i c a t i o n i s the s p i r a l growth t h e o r y of 
(23) 
Prank^ ' who has suggested t h a t m a t e r i a l d e p o s i t i o n occurs a t the 
s i t e of a s t r u c t u r a l d i s l o c a t i o n a t the c r y s t a l surface. 
I n the case of the c r y s t a l l i s a t i o n of naphthalene frcm a 
pure m e l t , the v a r i a t i o n of operating c o n d i t i o n s such as r a t e of 
c o o l i n g , degree o f a g i t a t i o n , f i n a l temperature a t t a i n e d e t c . and 
t h e i r e f f e c t s on the grovrth Eind s i z e of c r y s t a l s obtained are 
reasonably w e l l e s t a b l i s h e d . However, f o r the naphthalene-oil system 
where t h e r e i s a high degree o f i m p u r i t y , the e f f e c t s of these 
v a r i a b l e s are' not so w e l l known. The e f f e c t s on the c r y s t a l s t r u c t u r e 
a r i s i n g f r o n the presence of i m p u r i t i e s i s of p a r t i c u l a r importance 
du r i n g the c r y s t a l l i s a t i o n operation, since c r y s t a l l i s a t i o n i s 
i n v a r i a b l y followed by seme form of mechanical separation such as 
c e n t r i f u g i n g , and the o v e r a l l degree of separation achieved i s t o 
a great extent, dependent upon t h e c r y s t a l p u r i t y obtained during 
c r y s t a l l i s a t i o n . 
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Recently i t has been found t h a t amongst the many conpounds 
present i n the naphthalene o i l , are compounds capable of separating 
(2L) 
out w i t h the naphthalene and recent work by Briggs has shown t h a t 
i m p u r i t i e s i n c r y s t a l naphthalene occur as:-
(1) I n t e r - c r y s t a l l i n e , t h a t i s as mother l i q u o r on the 
c r y s t a l surface or trapped i n the c r y s t a l i n t e r s t i c e s . 
(2) I n t r a - c r y s t a l l i n e , t h a t i s as mixed c r y s t a l s w i t h 
naphthalene or i m p u r i t i e s which have c r y s t a l l i s e d w i t h 
the naphthalene as e u t e c t i c s . 
The f i r s t type o f contaminant, i . e . i n t e r - c r y s t a l l i n e o i l s 
would be expected t o increase i n q u a n t i t y w i t h decreasing c r y s t a l s i z e , 
(25) 
and i t has been found ^  ^ t h a t when a sample of naphthalene o i l i s 
c r y s t a l l i s e d under d i f f e r e n t c o n d i t i o n s and the c r y s t a l s f i l t e r e d or 
c e n t r i f u g e d , the c r y s t a l p u r i t y decreased w i t h increasing r a t e o f 
c r y s t a l l i s a t i o n , corresponding t o decreased c r y s t a l s i z e . 
I f the c r y s t a l s are washed during c e n t r i f u g i n g w i t h a 
detergent s o l u t i o n , t h e re i s a s l i g h t increase i n c r y s t a l p u r i t y . 
I t i s apparent t h a t surface o i l i s being ronoved by c e n t r i f u g i n g , 
but -vrfien the c r y s t a l surface area, increases, as w i t h small c r y s t a l s , 
the amount o f surface o i l increases. 
However, beyond a c e r t a i n p o i n t , continued detergent 
washing has no f u r t h e r e f f e c t . Thus, the detergent s o l u t i o n i s able t o 
remove surface o i l but has l i t t l e or no e f f e c t on i n t e r - s t i t i a l o i l s . 
The second type of contaminant consists of substances forming 
mixed c r y s t a l s or h i g h m e l t i n g e u t e c t i c s w i t h naphthalene. A large 
number of naphthalene c r y s t a l s of p h t h a l i c anhydride grade q u a l i t y 
have been p u r i f i e d by zone m e l t i n g techniques and the i m p u r i t i e s analysed 
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(26) 
by g a s - l i q u i d chromatography . The major ccmponents of the 
i m p u r i t i e s have been i d e n t i f i e d and are t a b u l a t e d i n Tables 5a and 51^ . 
Table 5a shows those ccmpounds forming mixing c r y s t a l s 
and Table 5t» shows the canpoinds f o m i n g e u t e c t i c s and the e u t e c t i c 
m e l t i n g p o i n t s . 
TABLE 5a 
Canpounds forming Mixed Cr y s t a l s 
Thionaphthene 
Quincline 
I s o - q u i n c l i n e 
Indene 
TABLE 5b 
Canpounds Forming E u t e c t i c s M e l t i n g Point o f 
Eutect i c °C 
/S -methyl naphthalene 25.5 
2,6 dimethyl naphthalene 60,5 
2,3 dimethyl naphthalene 54.2 
diphenyl 39.2 
acenaphthene 51.4 
flourence 57.0 
I t i s w e l l known t h a t i f canponents capable of f o m i n g mixed 
c r y s t a l s are present, then they w i l l form continuously dioring 
c r y s t a l l i s a t i o n and be d i s t r i b u t e d throughout the c r y s t a l s t r u c t u r e . 
Furthermore, the amount of canponents forming mixed c r y s t a l s i n the 
naphthalene c r y s t a l w i l l depend p r i m a r i l y on the q u a n t i t y of such m a t e r i a l 
present i n the naphthalene o i l and the f i n a l c r y s t a l l i s a t i o n temperature. 
Rate of c r y s t a l l i s a t i o n , a g i t a t i o n , and detergent washing w i l l have no 
e f f e c t on the c r y s t a l p u r i t y provided no super s a t u r a t i o n occurs. 
S i m i l a r l y the amount of e u t e c t i c forming m a t e r i a l w i l l depend 
on the q u a n t i t y o f such compounds present i n the naphthalene o i l , and 
p a r t i c u l a r l y on the tanperature a t vihxoh the c r y s t a l s form. Crystals 
allowed t o foitn above the m e l t i n g p o i n t of any given e u t e c t i c w i l l 
C r y s t a l Contamination (Cont'd) 
c o n t a i n much le s s o f t h i s i m p u r i t y than c r y s t a l s allowed t o form 
below t h i s tanperature. The great importance of c o n t r o l l e d 
c r y s t a l l i s a t i o n on the i m p u r i t y d i s t r i b u t i o n ^ v i t h i n the naphthalene 
c r y s t a l can be demonstrated,, by an experiment c a r r i e d cut a t the 
(27) 
Coal Tar Research Associ a t i o n \ 
A sample of c r y s t a l l i s e d naphthalene was washed w i t h 
successive p o r t i o n s o f a solvent such as methanol and the m a t e r i a l 
d i s s o l v e d by each p o r t i o n analysed. The analysis r e s u l t s shown i n 
Table 6, i n d i c a t e t h a t the outer c r y s t a l l ayers are r i c h e r i n 
i m p u r i t i e s than the inner core. Thus, as n u c l e a t i o n begins a t 
approximately 80°C, then i m p u r i t i e s w i l l b u i l d up successively as 
the f a l l i n g temperature crosses each e u t e c t i c p o i n t (see Table 5^). 
Mixed c r y s t a l f o r m a t i o n w i l l canmence however, f r o n the p o i n t of 
nu c l e a t i o n . 
TABLE 6 
EFFECT CF SUCCESSIVE WASHING OF CRYSTAL NAPHTHALME 
Naphthalene Content 
of Undissolved P o r t i o n 
Wash 
0 
91.3 
1st 
96 ,1 
2nd 
97.0 
3rd 
97.2 
4t h 
97.4 
5th 
97.8 
An a l y s i s of m a t e r i a l 
removed by solvent 
e x t r a c t i o n 
Wt. % Naphthalene 
Wt. fo Thionaphthene 
Wt. fo Quinoline 
Wt. % -methyl naphthalene 
Wt. fo Diphenyl 
Wt. % 2.6 and 2,7 dimeth y l 
naphthalene 
-
58.9 
3.3 
4.5 
15.1 
1.7 
0.5 
82.0 
2.6 
2.3 
7.0 
NIL 
NIL 
91.5 
1.6 
1.4 
2.5 
NIL 
NIL 
95.2 
1.4 
0.9 
2.9 
NIL 
NIL 
-
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The concept o f impurity' d e p o s i t i o n w i t h i n the crj'-stal as 
deduced f r o n Table 6 i s a l t e r e d ccmpletely however i f the c r y s t a l l i s i n g 
c o n d i t i o n s are such t h a t super s a t u r a t i o n or shock c o o l i n g of the o i l 
can occur. I n t h i s case, naphthalene c r y s t a l s cane out of s o l u t i o n 
a t a temperature lower than normal and the q u a n t i t y of i n t r a -
c r y s t a l l i n e i m p u r i t i e s i s increased. 
The e f f e c t of s t i r r i n g or a g i t a t i o n during c r y s t a l l i s a t i o n 
i s t h a t i t tends t o prevent supersaturation. An opposing f a c t o r 
however, i s t h a t a g i t a t i o n prevents the formation of large c r y s t a l s and 
thus increases the q u a n t i t y of i n t e r s t i t i a l impvurities i n the drained 
c r y s t a l . 
The experimental evidence now acquired, enables seme of the 
p u z z l i n g f e a t u r e s of naphthalene c r y s t a l l i s a t i o n t o be accounted f o r . 
(28) 
I n the case of the Pro-Abd^ ' type process, i n which naphthalene o i l i s 
c r y s t a l l i s e d i n water cooled, s t i r r e d , tanks and the r e s u l t i n g s l v i r r y 
c e n t r i f u g e d , f o l l o w e d by hot water or d i l u t e caustic washing on the 
c e n t r i f u g e i t i s easier t o produce p h t h a l i c anhydride grade naphthalene 
(78,0°C c r y s t a l l i s i n g p o i n t ) i f the o i l i s of v e r t i c a l r e t o r t o r i g i n , 
than i f i t i s o f coke oven o r i g i n . O i l s derived f r o n v e r t i c a l r e t o r t 
t a r s , normally contain considerably less of the m a t e r i a l s l i a b l e t o 
form e u t e c t i c s w i t h naphthalene and thus y i e l d c r y s t a l s more amenable 
t o f u r t h e r p u r i f i c a t i o n by washing. 
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Concerning the y i e l d of naphthalene recovered by c r y s t a l l i s a t i o n j 
the amount recoverable w i l l depend on the s o l u b i l i t y of the naphthalene 
i n the o i l a t the lowest tanperature a t t a i n e d i n the c r y s t a l l i s e r . A 
number o f i s o l a t e d r e s u l t s f o r the s o l u b i l i t y of naphthalene i n various 
(29) 
t a r o i l s have been quoted by d i f f e r e n t workers. For example Warnes 
has quoted r e s u l t s f o r two naphthas, c r e s y l i c a c i d and a heavy t a r o i l a t 
an u n s p e c i f i e d temperature; Thodes and Eisenhower^"^^^ have given r e s u l t s 
f o r a heavy naphtha ( b o i l i n g range 154°C - 188°C) and a high a r o n a t i c 
f r a c t i o n (239°C - 303°C). Potashnikov^^'''^ has given r e s u l t s f o r two 
a c i d and base f r e e f r a c t i o n s b o i l i n g 195°C - 267°C and 224°C - 306°C, 
Although there are a number o f incons i s t e n c i e s , the a v a i l a b l e 
data suggests t h a t the s o l u b i l i t y of naphthalene decreases the f u r t h e r 
the b o i l i n g range of the o i l i s removed from the b o i l i n g p o i n t o f 
naphthalene. The data provided by Thodes and Eisenhower i n d i c a t e s 
t h a t the s o l u b i l i t y of naphthalene i s increased by the presence of 
cres o l s i n the o i l . 
Table 7 shows the r e s u l t s obtained by Potashnikov f o r the 
two given o i l s , and Figure 1 shows the r e s u l t s f o r the l i g h t o i l 
f r a c t i o n (naphthalene o i l range). 
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TABLE 7. 
SOLUBILITY OP NAPHTHALENE IN LIGHT AND HEAVT OIIS. 
L i g h t O i l 195 - 267°C. 1 Heavy O i l 224 - 306°C 
Temperature 
c* 
During Heating During Coaling During Heating During Cooling 
0 9.99 9.81 9.60 9.80 
5 12.50 12.37 11.12 11.56 
10 14.65 15.25 13.88 14.12 
15 16.87 17.22 17.16 17.33 
20 20.65 20.20 20.00 19.66 
25 22.68 22.91 22.83 24.20 
30 26.23 27.02 2a. 92 29.54 
35 29.74 29.70 31.94 32.02 
40 33.35 34.02 36.02 36.97 
45 37.20 37.75 42.55 42.48 
50 42.56 43.36 47.96 48.80 
55 48.80 47.98 54.81 54.30 
60 60.27 60.40 61.60 60.82 
65 71.19 70.83 69.30 70.49 
70 80.32 79.44 79.27 79.66 
75 90.02 90.47 91.66 91.37 
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C r y s t a l Contamination (Cont'd) 
The r e s u l t s obtained by Potashnikov are considered t o be the 
most a p p l i c a b l e and are used as the basis f o r a l l s o l u b i l i t y determinations 
During the process of c r y s t a l l i s a t i o n , the f i n a l temperature 
a t t a i n e d i n the c r y s t a l l i s e r i s g e n e r a l l y 15-20°C. Cooling t o 
temperatures below 15°C, r e q u i r e s the use of r e f r i g e r a t i o n equipnent, 
and f r o n Tables 2 and 7 i t can be seen t h a t the ex t r a y i e l d of 
naphthalene i s not an econcmic gain i n vievf of the ex t r a equipnent 
r e q u i r e d . 
Consider naphthalene o i l No. 2 i n Table 2. Cooling of t h i s 
o i l frcm 15°C t o 0°C, would reduce the naphthalene l o s t i n the o i l 
frcm 8.2^ t o 4.75^ i . e . i t would increase the recovery of naphthalene 
as drained m a t e r i a l frcm IS.jfo t o 8 2 , ^ . 
Type of c r y s t a l l i s e r i n o p e r a t i o n 
C r y s t a l l i s a t i o n of naphthalene o i l s can be achieved e i t h e r 
i n batch or continuous c r y s t a l l i s e r s . Fran the p o i n t of view of 
c r y s t a l p u r i t y the important f a c t o r i s the degree of temperature 
c o n t r o l which can be achieved i n the c r y s t a l l i s e r . Thus the r a t e 
of c o o l i n g i n any one c r y s t a l l i s e r w i l l depend on the heat t r a n s f e r 
frcm the semi-solid mass, and as such, the design of the c r y s t a l l i s e r 
must take i n t o accoiint the s p e c i a l requirements f o r minimum i m p u r i t y 
d e p o s i t i o n w i t h i n the naphthalene c r y s t a l . 
I n general p r a c t i c e , c r y s t a l l i s a t i o n i s f r e q u e n t l y c a r r i e d out 
batchwise i n e i t h e r u n s t i r r e d , atmospherically cooled tanks, or i n 
i n d i r e c t l y cooled, s t i r r e d tanks. 
The former types of c r y s t a l l i s e r has the advantage o f : -
Type of c r y s t a l l i s e r i n operation (Cont'd) 
(1) s i m p l i f i e d process handling 
(2) the formation o f large c r y s t a l s which can be e a s i l y f r e e d frcm 
i n t e r s t i t i a l and surface o i l s 
The disadvantages are;-
(1) l a r g e time i n t e r v a l t o ccmplete c r y s t a l l i s a t i o n cycle 
(2) l o s s of naphthalene by evaporation 
(3) f i r e and h e a l t h hazards due t o presence of vapour 
The l a t t e r type of c r y s t a l l i s e r has the advantages o f ; -
(1) s h o r t e r c r y s t a l l i s a t i o n cycle 
(2) reduced evaporation losses and subsequently reduced f i r e 
and h e a l t h hazards 
The disadvantages being:-
(1) p r o d u c t i o n of smaller c r y s t a l s containing a greater q u a n t i t y 
of contaminating o i l s 
(2) greater ccmplexity of process handling 
Prcm an o v e r a l l p o i n t of view, the i n d i r e c t l y cooled, 
s t i r r e d tyj>e of c r y s t a l l i s e r i s the more e f f i c i e n t , and i n f a c t forms the 
basis o f the m a j o r i t y of naphthalene c r y s t a l l i s e r s used i n t h i s country, 
A number of other devices have been patented, but as f a r as i s 
known, are not a c t u a l l y used. Seme of these devices are l i s t e d belov/:-
(32) 
(1) A Russian pa t e n t ^ ^ suggests continuous c r y s t a l l i s a t i o n by 
spraying a cooled s l u r r y of naphthalene plus o i l together w i t h 
a i r a t an elevated pressure, i n t o a chamber w i t h l i n e n f i l t e r s , 
a l l o w i n g the o i l t o d r a i n and removing the naphthalene 
continuously. 
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Tyye of cxrystalliser i n operation (Cont'd) 
(2) A simple type of continuous c r y s t a l l i s e r patented by an I t a l i a n 
f i i m ^ ^ " ^ ^ , allows o i l to be fed contiixuously to a v e r t i c a l 
container with a funnel shaped bottan and r o t a t i n g discharger. 
The o i l i s cooled by meems of a cooling f l u i d i n the jacket, 
and crystals depositing at the bottan are discharged to a 
centrifuge, and the l i q u i d i s removed through an overflow 
pipe. The nature of the resu l t i n g crystals can be controlled 
by the temperature of the cooling f l u i d and the rate of 
c r y s t a l discharge. 
(3) An early B r i t i s h patent ^'^ ^^  suggests cooling the naphthalene 
o i l by passage through a series of water cooled tubes, the 
walls of the inner tube being kept free fron crystals, and 
the crystals kept moving by a rot a t i n g shaft and worm 
conveyor. 
(4) A more recent technique, consists of spraying the naphthalene 
o i l , onto a rotating' water cooled drum, the crystals being 
scraped o f f the drum continuously by a knife edge. 
I n the l a t t e r two devices, the crystals produced are very 
small, and consequently, the amount of surface and i n t e r s t i t i a l o i l 
i s increased. 
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CMTRIFUGING AND DRAINING 
Follo-wing d i r e c t l y after c r y s t a l l i s a t i o n , the naphthalene 
crystals are separated fron the excess o i l either by a simple draining 
or centrifuging. The essential difference between the two techniques, 
apart frcm speed of operation, i s that, whilst centrifuging further 
p u r i f i c a t i o n can be achieved by water or detergent washing of the 
crystals on the centrifuge. 
I n the case of straightforward o i l draining, the separating 
force i s e n t i r e l y g r a v i t a t i o n a l , and consequently a considerable amount 
of o i l i s l e f t adhering to the crystal surface. 
I n the case of the centrifuge, the force developed by 
centrifugal action i s given by the equation:-
P = 
where F = force developed i n lbs. 
W = weight of rot a t i n g assenbly plus load ( l b . mass) 
V = peripheral velocity of assonbly (f.p.s.) 
R = radius of ro t a t i n g assembly ftcra axis of 
ro t a t i o n ( f t ) 
I f N = speed of R.PJ^I., then V = 2?T R N 
""So 
Substituting fctr V and 'g' 
F = 0.00341 IWRN^  
Fran t h i s equation i t can be seen that the separating force 
developed by the centrifuge, i s d i r e c t l y proportional t o : -
(1) the speed of r o t a t i o n 
(2) the distance of the mass to be centrifuged fran the axis 
of r o t a t i o n 
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Gentrifuging and Draining (Cont'd) 
Increasing the speed of r o t a t i o n w i l l increase the p u r i t y 
of the crystal by removing more of the s\irface o i l on the c r y s t a l . 
Occluded o i l s or o i l s trapped w i t h i n the c r y s t a l and impurities of the 
i n t r a - c r y s t a l l i n e type w i l l not be removed however great the speed of 
r o t a t i o n . 
Present day centrifuges employ a perforated basket to hold the 
c r y s t a l s l u r r y and the caJce of naphtfelene builds up from the outer wall 
of the basket i n towards the axis of r o t a t i o n . Consequently, i n a system 
of t h i s type, there w i l l be an impurity gradient across the c r y s t a l cake. 
The highest degree of naphthalene p u r i t y w i l l occur on the edge of the 
cake furthest removed from the axis of r o t a t i o n . 
When discussing centrifuging or draining, i t i s necessary to 
consider the y i e l d of naphthalene obtained or alternately, the loss of 
naphthalene i n the drained o i l , -
Centrifuging or draining i s normally carried out at alanospheric 
temperature and although when centrifuging, there may be a s l i g h t temperature 
r i s e w i t h i n the c r y s t a l s l u r r y due to f r i c t i o n effects, f o r purposes of 
calculation, the drained o i l i s assumed to be at atoaospheric temperature. 
The calculation f o r naphthalene y i e l d auid recovery i s based on 
determining the loss of naphthalene to drained o i l , when upgrading a 
naphthalene of given p u r i t y to one of higher p u r i t y . I t i s necessary to 
know the s o l u b i l i t y of naphthalene i n o i l at the given temperature and also 
the i n i t i a l and f i n a l naphthalene piarities. S o l u b i l i t y values are obtained 
from the s o l u b i l i t y curve of Pota^hnikov, and naphthalene p u r i t i e s are 
obtained from the curves drawn up by Curtis (Figure 2), r e l a t i n g naphthalene 
(35) 
c r y s t a l l i s i n g point with p u r i t y . 
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Centrifuging and Draining (Cont'd) 
A calculation of t h i s type i s given i n Appendix 3« 
OIL EXTRUSION 
O i l extrusion i s a method of o i l separation, now p r a c t i c a l l y 
obsolete. The method consists of applying pressvire to c r y s t a l l i s e d 
naphthalene at normal of elevated temperatures. Although the degree 
of separation i s high, the product recovery i s low due to the o i l 
saturation. Thus t h i s method i s not discussed f i i r t h e r . 
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EXPERIMENTAL WORK 
INTRODUCTION 
The o r i g i n a l systen of naphthalene separation i n operation 
at the time of t h i s investigation was known to be i n e f f i c i e n t at seme 
stage or stages i n the process. 
Accordingly, the investigation was designed to study the 
processes available f o r the separation of naphthalene fran naphthalene 
o i l s , i n order t o gain a better understanding of the physical and 
chonical factors involved, and t o ultimately improve or modify the 
system so as t o increase the overall efficiency. 
Owing to the presence of certain specific plant equipnent, 
namely, a twin column, continuous d i s t i l l a t i o n u n i t , a naphthalene o i l 
c r y s t a l l i s e r and a P i l o t scale centrifuge, the scope of the investigation 
was l i m i t e d t o the above Plant equipnent. 
An outline of the investigation i s given belov/:-
Fractionation 
(1) Naphthalene o i l (frcm the Wilton Tar S t i l l ) fractionated through 
Laboratory column - t o study naphthalene d i s t r i b u t i o n , recovery 
and p u r i t y . 
(2) Naphthalene o i l washed free frcm phenolic canpounds and fractionated 
through Laboratory column - to study the effects of phenolic 
canpounds during fractionation. 
(3) Naphthalene o i l washed free fran phenolic canpounds and fractionated 
through Plant D i s t i l l a t i o n Unit - to study recovery and purity of 
naphthalene product - at Plant scale. 
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EXPERIMENTAL WORK (CONT'D) 
Cr y s t a l l i s a t i o n and Centrifuging 
(1) Naphthalene o i l washed free fran phenolic ccmpounds, cryst a l l i s e d 
and centrifuged at Laboratory scale - to study effects of operating 
conditions on recovery and p u r i t y of naphthalene. 
(2) Laboratory c r y s t a l l i s a t i o n and centrifuging of Plant d i s t i l l e d 
naphthalene o i l - to study effects of canbination of two separation j 
processes. 
(3) Plant scale c r y s t a l l i s a t i o n and centrifuging of Plant d i s t i l l e d 
naphthalene o i l - to study ccmbined separation process at Plant scale. 
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EXPERIMENTAL WCEK (CONT'D) 
DESCRIPTICiN OP EQUXB/EENT USED 
lABaRATQRY SCALE 
Fractionating Column A 
48" length, I " diameter, packed with Dixon Gauze. 
Separating power at t o t a l r e f l u x and b o i l up rate of 1000 mls/hr. -
50 theoretical plates, determined by calibration with n - heptane -
methyl cycle-hexane mixture. 
(Separating power determined fran refractive index measurements 
on the overhead and bo i l e r products, aifter column pref looding and 
attainment of t o t a l r e f l u x , and subsequent reference to a refractive 
index - separating power ca l i b r a t i o n chart). 
Condenser 
Solenoid] 
Reflxix 
Meter 
LABORATORY FRACTIONATING SOLDMN 
Column 
Heating Jacket 
Air Space 
Boil-Up Meter 
Heating Mantle 
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EXPERBIENTAL WORK (CONT'D) 
LABORATCRY SCALE - Fractionating Column A (Cont'd) 
Charge contained i n a I50O ml. pyrex bo i l e r , heated by an 
e l e c t r i c mantle, the power to which was controlled by a Simmerstat unit. 
A r e f l u x meter was employed to control the ref l u x r a t i o under operating 
conditions. B o i l up rate was set by means of a b o i l up meter. The 
f r a c t i o n a t i n g column was maintained i n an adiabatic state by a 
concentric tube carrying a heater winding, surrounded by a concentric 
glass tube. Power to the heater winding was supplied by a variable 
voltage transfoimer. 
C r y s t a l l i s a t i o n 
Cooling rate 5°C/hr. with continuous agitation. I n i t i a l 
tenperature of o i l - 90°C. 
O i l contained i n a c y l i n d r i c a l glass tube surrounded by a 
temperature controlled water bath. 
Centrifu^in^ 
10.5 ins. M.S.E. bowl centrifuge 
Centrifugal force - 1000 x g 
Time - 4 mins. 
- 55 -
EXPERIMENTAL WORK (CQ^'D) 
PLANT SCALE 
APy - Naphthalene D i s t i l l a t i o n Unit 
(See Flow sheet - Diagram 7) 
Description 
Twin column continuous u n i t . 
Column I - Forerunnings colimn 
Height 15 f t . 
Diameter 3 f t . 
APV West fractionating column incorporating 14 APV 
Y7est type trays. 
P i t t e d with tubular type steam heater. 
Column operating pressiare - 26"/Hg. produced by a 
single phase steam ejector. 
Column I I - Naphthalene column 
Height 15 f t . 
Diameter 4 f t . 8 ins. 
AFV West fractionating column incorporating 14 APV 
West type trays. 
F i t t e d v/ith tubular steam heater. 
Column operating pressvrre - 28"/Hg« produced by a two 
phase steam ejector. 
Process 
Feed liquor at a temperature of 80/85°C i s drawn under 
positive head, through a mesh strainer to the feed pumps. The feed i s 
then pumped through a steam jacketed pre-dehydration heater. Water 
vapour i s separated fran the feed i n a jacketed dehydration or flash 
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EXPERIMENTAL WCRK (COOT'D) 
Process (Cont'd) 
vessel maintained at a vacui.im of 15"/Hg. Vapours from the flash chamber 
are drav-Ti through an absorbing column ( f i l l e d with .a suitable v/ash o i l ) 
operating under a vacuim of 25"/Hg, so that any entrained naphthalene 
i s removed by the wash o i l . The ranaining vapours are drawn through a 
j e t condenser to remove water vapoiu?, and then t h r o u ^ a single phase 
steam ejector to resnove any permanent gases. 
The dehydrated feed fran the f l a s h chamber then gravitates 
t o a f i n a l feed preheater aid then into Column I , which i s maintained 
at a vacuum of 26"/Hg. by means of the steam ejector. From the 
fractionating column, an overhead f r a c t i o n i s recovered via an 
evaporative condenser. The condenser i s vented tc the absorbing column 
to remove any further entrained naphthalene. Part of the condensed 
overhead f r a c t i o n i s returned t o the column as r e f l u x , whilst the 
remainder flows to a storage vessel. 
The residue fran Column I i s then delivered to the feed 
plate of the naphthalene column (Column I I ) , t h i s column operating under 
a vacuum of 28"/Fg, produced by a two phase steam ejector. The over-
head f r a c t i o n fran t h i s column (approximately SQ'!- naphthalene) i s 
delivered, a f t e r condensation and separation of a re f l u x stream 
to a sealed vessel. The heavy residue fran the colijmn i s discharged 
to a further sealed vessel. 
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EXPljEIMENTAL WORK (CONT'D) 
Cry s t a l l i s a t i o n 
C r y s t a l l i s e r ; 
Dimensions 27 f t . x 7 f t . 6 ins. diameter 
Capacity 8000 gallons 
Surface Area 635.5 s q . f t . 
S t i r r e r Motor H.P. 7.5 
S t i r r e r s of gate type driven on a horizontal axis. 
Cooling Rate 1° to 2°C per hour (water cooled). 
Centrifuge; 
Sharpies C-20 De-hydrator (perforated basket) 
Basket Diameter 20 ins. 
Centrifugal force 980 x g. 
H.P. 20 
Max:, cycle time 300 sees, (on autanatic control) 
Operating Sequence of Centrifuge 
Screen rinse - spin load - spin i d l e - cake rinse -
spin dehydrate - spin unload. 
The above terms are defined as follows:-
Screen Rinse 
. Washing the centrifuge screen with o i l to ranove surplus 
naphthalene. 
Spin Load 
Entry of the feed into the centrifuge. 
Spin Id l e 
Removal of o i l . 
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EXPERIMENTAL WQRI^  (CONT'D) 
Operating Sequence of Centrifuge (Cont'd) 
Cake Rinse 
Washing of the cake wi t h detergent etc. 
Spin Dehydrate 
Removal of surplus moisture. 
Spin Unload 
Autanatic ranoval and discharge of cake. 
Crude Tar D i s t i l l a t i o n Unit 
(See Flow sheet - Diagram g). 
Description 
Continuous pipe s t i l l , d i s t i l l a t i o n colinnn and fractionating 
column. 
Pipe S t i l l - O i l f i r e d furnace 
D i s t i l l a t i o n Column - Height 35'0" 
Diameter 6'0" 
Jtober of plates - 13 (Wilton Patent design^ 
Fractionating Colijnn - Height 54'0" 
Diameter 4'6" 
Number of plates - 37 (Wilton Patent design] 
Process 
Crude t a r i s pumped through a heat exchange system canprising 
of an exhaust steam-crude t a r heat exchanger, a heat econaniser and a 
pitch-crude t a r heat exchanger. Fran the heat exchange system, the tar 
enters the d i s t i l l a t i o n column (secondsiry flash chamber) where l i g h t o i l s 
are removed. The t a r af t e r flowing down over the plates, leaves the 
base of the column, to be pumped via the re c i r c u l a t i o n pumps to the pipe 
n, 
I 
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EXPERIMENTAL WORK (CONT'D) 
Crude Tar D i s t i l l a t i o n Unit (Cont'd) 
Process (Cont'd) 
s t i l l . On leaving the pipe s t i l l , the t a r enters the upper part of the 
d i s t i l l a t i o n column (primary f l a s h chamber) v/here further l i g h t o i l s are 
removed. A portion of the residual t a r (pitch) i s bled o f f , passing 
through the pit c h - t a r heat exchanger, whilst the renainder overflows 
i n t o the secondary fl a s h chamber and descends to the base of the column 
along with the incaning crude tar. 
Fran the top of the d i s t i l l a t i o n column, the l i g h t o i l s are 
fed t o the base of the fractionating column. Fran the fractionating 
column, four sidestreams are removed and an overhead f r a c t i o n . Part of 
the overhead f r a c t i o n after condensation i s returned to the column as 
re f l u x . 
The bulk of the naphthalene (85^) i n the crude t a r i s 
concentrated i n t o the t h i r d sidestream (fran the column base) and i s 
referred t o as the naphthalene o i l f r a c t i o n . The remaining 1^ 
naphthalene i s l o s t to the tiro adjacent sidestreams. 
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EXPERMEMAL WORK (COIMT'D) 
METHODS CF AMLTSIS 
The quemtitative estimation of the conpounds encoiantered 
during the investigation ms based on the following methods of analysis. 
Naphthalene 
Naphthalene purity determined from depression of melting point 
ard. subsequent reference to a cal i b r a t i o n curve. 
Phenolic Ccmpounds 
Phenolic ccmpounds were determined by extraction fron the 
naphthalene o i l with a ICB? wt/wt caustic soda solution. Treatment of the 
caustic extract with hydrochloric acid resulted in the formation cf free 
phenols. The individual phenols were not identified. 
Quinoline 
Quinoline determined as basic nitrogen u t i l i s i n g Dumas Nitrometer 
method. 
Thionaphthene 
Thionaphthene determined by formation of sulphur dioxide and 
subsequent volumetric determination of sulphuric acid formed by absorption 
of sulphur dioxide with hydrogen peroxide. 
Methyl Naphthalenes 
Alpha and beta methyl naphthalenes determined by vapour 
phase chronatography. (Determined i n Laboratories of Coal Tar Research 
Association - Leeds). 
- 61 -
THE LABCEATQRY FRACTIOMTIOH OF NAPHTHAIfflE OIL (WASHED) 
(Washed with a ICfo caustic solution to ronove phenols) 
Method 
A lOOOg. charge of naphthalene o i l frcm the Wilton s t i l l , was 
washed with caustic solution and fractionated throigh laboratory column 
A. The d i s t i l l a t e was collected into fractions and a naphthalene purity 
determination done on each f r a c t i o n (naphthalene purity estinated fran 
c r y s t a l l i s i n g point determination). 
Fractionation r e s u l t s and de t a i l s are shown i n Tables 8a and 8b, 
TABLE 8a 
FRACTIONATION OF NAFHTHALEWE OIL (WASHED) 
D i s t i l l a t e 
Fraction i n ms. 
Tanperature 
Ranse C 
Cr y s t a l l i s i n g 
Point C 
Naphthalene 
Purity % 
177 _ 202 O i l 
• 17.0 202 - 205 O i l 
24.2 205 - 208.7 O i l 
18.0 208.7 - 214 52.00 34.00 
17.5 214 - 2l6 50.00 51.00 
20.0 216 - 217.2 65.70 70.10 
17.1 217.2 - 218 .0 66.80 75.20 
23.5 218 .0 - 219 ' 70.00 80.50 
32.0 219 - 219.4 74.40 88.60 
71.0 219.4 - 219.7 76.55 92.10 
52.0 219.7 - 219.7 76.55 95.00 
45.2 219.7 - 219.7 76.60 95.10 
57.0 219.7 - 219.7 76.30 92.20 
32.0 219.7 - 219.7 76.40 92.21 
47.9 219.7 - 219.8 76.56 92.20 
45.9 219.8 - 219.8 76.55 92.20 
57.0 219.8 - 219.8 76.32 92.19 
48.0 219.8 - 228 76.08 92.00 
47.1 228 - 250 75.82 91.50 
55.0 - 72.40 84.90 
Residual heavy o i l discarded 
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TABLE 8b 
The l i g h t o i l fractions boiling below 2l6°C are referred 
to as Pcarerunnings, and the s o l i d naphthalene fractions 
are referred to as Product. 
DETAILS _CF FRACTIONATION 
C r y s t a l l i s i n g 
Point °C 
Reflux 
Ratio 
B o i l Up 
Rate 
mls/hr 
Available 
Naphthalene 
% 
Maxmum 
Cr y s t a l l i s i n g 
Point 
Charge 
Parerunnings 
Product 
57.8 
75.60 
25/1 
5/1 
600 
600 84.7 76.60 
Discussion of Results 
Fractionation of the washed naphthalene o i l through 50 
theoretical plate laboratory column did not give the desired 9Cfo 
recovery of 9 ^ purity naphthalene (corresponding to a c r y s t a l l i s i n g 
point of 78.0°C). The highese purity attained ms 935? and the recovery 
of available naphthalene was 84.7^. Prcsn Table 8a, i t can be seen, that 
the overall naphthalene purity i s well below Consequently to attain 
a purity approaching the desired 96^, with a recovery figure of 9C95, 
would, require a fractionating column of formidable proportions. 
I t was then decided to ccmpare the above r e s u l t s with those 
obtained by fractionation of an unwashed naphthalene o i l through the 
same column. 
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THE LABORATORY FRACTKMATIQN OF NAPHTHALEME OIL (UNWASHED) 
A 700g. charge of unwashed naphthalene o i l to which had 
been added a quantity of phenolic o i l , to increase the t o t a l phenolic 
content, was fractionated through Column A. The conditions of 
fractionation were similar to the former case. As before, the 
d i s t i l l a t e v/as collected into fractions, and a naphthalene purity 
determination done on each f r a c t i o n . 
Fractionation r e s u l t s are shown i n Table 9. 
TABLE 9 
FRACTIONATION OF UNWASHED NAPHTHALENE OIL 
D i s t i l l a t e 
Fraction i n 
^ s . 
Temperature 
Range C 
C r y s t a l l i s i n g 
Point °C 
Naphthalene 
Purity % 
50.0 150-201 45.50 45.40 
51.5 201-205 45.50 45.50 
48.5 205-207 59.00 49.60 
50.2 207-210 50.20 51.50 
40 .0 210-212 58.0 61.50 
46.0 212-224 66.50 75.00 
51.8 224-257 61.00 66.00 
48.0 257-245 54.00 56.00 
52.0 245-250 52.50 54.00 
42.0 250-257 46.00 46.00 
46.0 257-260 45.00 45.00 
52.0 260-269 - -
50.5 269-280 — — 
O i l s above 280°C discarded 
- 64 -
The d i s t i l l a t i o n fractions collected fraai the l a s t eixperiment 
were each washed with a hot ^CP/o solution of caustic soda. Separation 
of the aqueous layer and subsequent treatment with dilute hydrochloric 
acid, liberated the free phenols. The weight of the phenols produced 
fron each f r a c t i o n was measured and also the weight of the washed o i l 
measured. Fran the weights of the washed o i l and liberated phenols, the 
loss of o i l , i f any, occurring during washing can be calculated. 
The r e s u l t s of t h i s experiment are shown i n Table 10 and 
Figure 5» 
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^ s ^ 1^ ^ . . . . . . . 1 
C O O O M U 1 NjJ 
Weight of 
Fraction 
Before 
Washing 
37.3 
36,9 
40.6 
34.8 
42.4 
50.6 
Weight of 
Fraction 
After 
Washing 
14.0 
11
,6 
9
.6 
5.2 
5.6 
1.2 
Total Weight 
Loss (g) 
10.0 
8.0 
6.6 
3.2 
2.2 
1.2 
Weight of 
Phenols 
IS3 V>j4 -F" 
^ O O ON O f 
Weight of 
non-
phenolic 
Oil (g) 
19.3 
16.5 
15.7 
8.0 
4.8 
fo Phenols 
V J J 'Jl (JN -vj ^ 
o • . • • . 
O O -P- 0 0 1 
fo Oil Loss 
(wt). 
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DISCUSSION OF RESULTS. 
Frcm Table 9, i t can be seen that very poor fractionation i s 
achieved when d i s t i l l i n g an unwashed naphthalene o i l . The maximum 
purity attained i n t h i s ca.se was only 75?^  cempared with 93fo i n the 
case of the washed o i l . 
Furthermore the spread of naphthalene through the d i s t i l l a t i o n 
range i s considerable, and i s mainly due to the formation of low 
bo i l i n g azeotropes between naphthalene and certain of the phenolic 
canpounds. 
The r e s u l t s shovm i n Table 10 and Figure 5» show that with 
increasing phenol content, there i s an increasing weight loss of o i l . 
During the washing trealment, i t i s inevitable that a quantity of non-
phenolic o i l w i l l be ranoved along with the caustic extract, but there 
i s no reason to assume an increasing loss of non-phenolic o i l vrith 
increasing phenol content. The incjreasing weight loss could however, 
be accounted for, on the basis of a theory suggested by Swietoslawski, 
namely that i n a naphthalene-oil system, the presence of phenolic 
canpounds incareases the s o l u b i l i t y of naphthalene i n the non-phenolic 
o i l . Thus with increasing phenol content, the s o l u b i l i t y of naphthalene 
i n the non-phenolic o i l increases; and although the volume of non-phenolic 
o i l l o s t mechanically, may ronain constant, the t o t a l weight would increase, 
due to the presence of naphthalene i n solution. 
- 68 -
THE LABORATORY CRYSTALLISATION AND 
CENTRIFUGIN& OF WASHED NAPHTHALENE OIL 
METHOD 
Samples of washed naphthalene o i l were cxrystallised at a 
cooling rate of 5°C/hour, with agitation fran 90°C down to 20°C, 0°C, 
and - 5°C. The samples were then centrifuged at 1000 x g for 4 
minutes. After centrifuging, the purity of each sample was determined. 
Results are shown i n Table 11. 
TABLE 11. 
LABCHATQRY CENTRIFUGING OF WASHED NAPHTHALENE OIL 
Batch 
No. 
Tonperature of 
Centrifuging 
Y i e l d of 
Solid fo 
wt/wt 
C P t . of 
Solid°C 
Purity of 
. Solid % 
fo Recovery 
Available 
Naphthalene 
1 20 56.0 75.10 90.00 91.50 
2 20 55.0 75.25 90.30 87.00 
5 20 52.8 76.00 92.00 85.00 
4 20 . 50.0 76.27 92.40 79.20 
5 20 5 5 . 0 ; 75.50 91.00 87.50 
6 20 53.0 75.60 91.10 84.40 
7 20 52.9 76.25 92.40 85.30 
8 20 53.0 76.18 92.20 85.50 
9 20 51.7 76.80 95.70 84.80 
10 0 59.5 74.60 89,10 95.00 
11 0 58.7 74.40 88.80 92.70 
12 -5 59.7 74.50 89.00 92.60 
15 -5 59.0 74.45 88.90 95.00 
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DISCUSSION OF RESULTS 
Fran Table 11, the maximum naphthalene purity obtained vAien 
centrifuging at 20°C was 93*7^ fear a recovery figure of 84.8^, again 
below the desired l i m i t s . Centrifuging at lower temperatures gave 
higher recoveries but lower p u r i t i e s . The lowered purity was considered 
to be due to the deposition of eutectic and mixed c r y s t a l impurities 
when c r y s t a l l i s i n g to the lower temperatures. 
Consideration of the r e s u l t s obtained by laboratorj'-
fractionation and centrifuging of washed naphthalene o i l s (both 
processes anployed as single operations) shows that the degree of 
separation achieved by either method i s not adequate to a t t a i n the 
desired recovery and purity of naphthalene. The p o s s i b i l i t y of 
p a r t i a l separation or upgrading of the naphthalene o i l by fractionation, 
followed by further upgrading by centrifuging was next studied. 
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THE PLANT SCALE FRACTIONATION CF WASHED NAPHTHALSNE OIL 
The operation of the A.P.V. d i s t i l l a t i o n unit r e s u l t s i n 
three product streams namely:-
Forerunnings Product - froa Column I consisting of 
lig h t o i l s plus a small percentage of naphthalene. 
Naphthalene Product - fran Column I I consisting of naphthelene 
plus excess o i l . 
Heavy Ends Product - fran Column I I - consisting of heavy o i l s 
plus a small percentage of naphthalene. 
The condenser systsn of the two columns i s equipped v/ith a 
c i r c u l a t i n g wash o i l system designed to absorb any naphthalene which would 
otherwise be l o s t to atmosphere as uncondensed vapour. Consequently fran 
the point of view of y i e l d of naphthalene product, any naphthalene 
absorbed by the wash o i l i s l o s t , 
METHOD 
Six d i s t i l l a t i o n runs were carried out through the above unit, 
using washed naphthalene o i l as feed material. Variations i n Reflux 
r a t i o were made on both columns to achieve the highest purity and highest 
possible recovery of naphthaleneproduct. 
The r e s u l t s of these runs are shown i n Table (2. and the method 
of calculating naphthalene product recovery i s shown i n Appendix 2. 
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DISOUSSION OF PLANT DISTILLATION RUNS 
I t was r e a l i s e d that owing to the lower separating power 
of the Plant d i s t i l l a t i o n unit as conpared to the laboratory fractionating 
column, the ove r a l l naphthalene purity would be considerably l e s s . 
Nevertheless, increasing the reflux ratio:.on Column I , enabled the 
l i g h t o i l s to be removed, containing as l i t t l e as possible naphthalene. 
Si m i l a r l y , the heavy ends could be ranoved fran Column I I , r e l a t i v e l y 
free fran naphthalene. I n t h i s way, the maximum recovery of naphthalene 
was obtained, but at the expense of naphthalene purity. The maximum purity 
obtained was 83.2^5, but with one exception, the recovery figures were a l l 
greater than 9C^. 
Run 2 was the exception and i n t h i s case, the recovery figure 
was 88^. I t w i l l be noticed that the feed material for this run, 
contained a small percentage of phenolic canpounds, due to inadequate 
washing, and ana l y s i s of the cractionation products showed that the li g h t 
o i l s ranoved fran Column I were nearly saturated with naphthalene, thus 
suggesting a 'spread' of naphthalene due to azeotrope formation, (resulting 
from the presence of phenols). 
- 75 -
THE LABORATORY CEWTRIFUGING OF PLANT 
DISTILLED NAPHTHALENE OIL 
P a r t i a l l y upgraded naphthalene product of c r y s t a l l i s i n g 
point 70.2°C (purity 81^ naphthalene) obtained frcm Run No, 1 through 
the Plant d i s t i l l a t i o n unit, was allowed to c r y s t a l l i s e at varying 
cooling rates, and the c r y s t a l l i s e d material fed to the laboratory 
centrifuge. Varying times of centrifuging were employed, and after each, 
the purity of the centrifuged product was determined. 
C r y s t a l l i s a t i o n 
O i l cooled with agitation frcm 90°C to 20°C at cooling 
rates of:-
1. 5.5 °C/hour 
2. 10 °cAour 
3. Shock cooled (no agitation) 
VARIATION OF NAPHTqALENE PURITY WITH OIL COOLING RATE 
Samples of material c r y s t a l l i s e d at the cooling rates 
mentioned above, were centrifuged for a period of 5 minutes at a 
centrifugal force of 1500 x g (3000 r.p.m.). The purity of the 
centrifugal material was obtained fran c r y s t a l l i s i n g point determinations. 
Results are shown i n Table 13. 
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TABLE 1^.. 
VARIATION OF NAPHTHALEIME PURITY V/ITH OIL COOLING RATE. 
Centrifugal force - I5OO x g. 
Time - 5 minutes. 
Rate of Cooling 
C per hour. 
C r y s t a l l i s i n g Point Naphthalene 
Purity io 
3.5 78.40 96.50 
3.5 78.36 96.40 
3.5 78.30 96.30 
10.0 78.29 96.30 
10.0 78.25 96.00 
10.0 78.30 96.10 
Shock Cooled 76.39 92.80 
Shock Cooled 76.30 92.50 
The above r e s u l t s show that the desired naphthalene purity 
of 9 ^ can be obtained by centrifugirog, when the feed material has a 
purit y of approximately 80^ naphthalene, provided c r y s t a l l i s a t i o n takes 
place at a controlled rate of cooling. 
There i s a s l i g h t increase i n naphtlialene purity vrtien the o i l 
cooling rate i s lowered fran lO°C/hour to 3.5°C/hour, but a marked decrease 
i n p u r i t y when the o i l i s shock cooled. I t hais previously been mentioned 
that shock cooling encourages the formation of i n t r a - c r y s t a l l i n e inrpurites 
within the c r y s t a l structure, thereby lowering the c r y s t a l purity. 
V e r i f i c a t i o n of t h i s f a c f can be seen from Table 15. 
VARIATION OF NAPHTHALENE PURITY WITH CENTRIFUGAL FORCE. 
Samples of the material crysteuLlised at a cooling rate of 
10 C/hour, were centrifuged at varying speeds for 5 minute time intervals, 
P u r i t y deteiminations were made on each centrifuged product, and the 
r e s u l t s are shown i n Table 1^. 
TABLE 1^. 
VARIATION OF NAPHTHALENE PURITY WITH CENTRIFUGAL FORCE. 
Material c r y s t a l l i s e d at 10°C/hour. 
Centrifugal Force (x g) C r y s t a l l i s i n g 
Point 0. 
Naphthalene 
Purity fo 
166 (1000 r.p.m.) 77.10 94.0 
166 77.00 95.9 
166 77.00 95.9 
326 (1400 r.p.m.) 77.75 95.2 
526 77.77 95.5 
326 77.70 95.0 
425 (1600 r.p.m.) 77.93 95.5 
425 78.00 95.6 
425 78.00 95.6 
840 (2150 r.p.m.) 78.10 95.7 
82,0 78.15 95.7 
82,0 78.13 95.7 
1500 (3000 r.p.m.) 78.29 96.2 
1500 78.51 96.3 
1500 78.55 96.3 
- 76 -
The results given i n Table 14 show the progressive increase 
i n naphthalene p u r i t y with increasing centrifugal force. The desired 
78°C c r y s t a l l i s i n g point material i s obtained ^len the centrifugal 
force approaches 800 x g. 
I t can also be seen that a f t e r a naphthalene p u r i t y of 95»6^ 
i s reached, l i t t l e f u rther separation i s achieved i n spite of high 
increases i n centrifugal force. At t h i s point most of the surface o i l s 
adhering to the crystals have been removed, the remaining impurities being 
s o l i d i n nature or i n t e r s t i t i a t l o i l s . 
An attempt was then made to achieve further separation of the 
i n t e r s t i t i a l o i l s by slurrying the c r y s t a l l i s e d material with an aqueous 
detergent solution p r i o r to centrifuging. The detergent solution 
consisted of a 0.5^ aqueous solution of Teepol, and the slu r r i e d material 
was centrifuged f o r k minutes at a centrifugal force of 1500 x g. Excess 
detergent solution was removed by incorporating a cold water rinse i n t o 
the centrifuging sequence. 
The effect of detergent addition i s shown i n Table 15 
TABLE 15 " 
EFTBCT OF DETERG-ENT ADDITIOM PRIOR TO CEN'Il<ll?'lJGING 
C r y s t a l l i s i n g Point 
a f t e r centrifuging 
without detergent 
P u r i t y C r y s t a l l i s i n g PointOG 
af t e r centrifuging 
with detergent 
f Purity 
% 
78.30 
78.55 
78.52 
96.50 
96.55 
96.50 
78.85 
78.90 
78.85 
97.5 
97.6 
97.5 
Centrifugal force - 1500 x g. Time 4 minutes. 
(See note overleaf). 
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NOTE 
(Crys t a l l i s i n g points determined on material centrifuged after 
detergent giddition, were corrected f o r presence of water). 
Frcm Table 15 i t csm be seen that detergent addition p r i o r to 
centrifuging, has produced eui increase i n naphthalene p u r i t y , due to the 
removal of further contaminating o i l s . 
The next stage i n the process was to treinsfer the centrifuging 
operation, to a semi plant scale centrifuging u n i t . However, i t was 
realised that i t was not possible to pirnip a 70°C c r y s t a l l i s i n g point feed 
to the centrifuge without p r i o r d i l u t i o n , owing to the high solids 
content. Consequently, a further sample of cr y s t a l l i s e d material was 
sliarried with drain o i l obtained fron previous centrifUging experiments. 
The s l u r r i e d material now had a c r y s t a l l i s i n g point of around 50°C and was, 
therefore, similar t o the o r i g i n a l naphthalene o i l , with respect to 
naphthalene p i i r i t y , p r i o r to p a r t i a l upgrading by d i s t i l l a t i o n . The 
sluiTTied material vra.s centrifuged and as before, a pur i t y determination 
made on the centrifuged product. 
The results are sho\m i n Table l6 
TABLE 16 
EFFECT OF OIL SUmYING PRIOR TO CErTOIFUGIN& 
Centrifugal force - 1500 x g. Time 5 minutes 
C r y s t a l l i s i n g Point °C 
After centrifuging 
without o i l addition. 
Purity f 
C r y s t a l l i s i n g Point OQ 
After centrifuging 
with o i l addition. 
Purity % 
78.50 96.30 78.32 96.30 
78.26 96.20 78.25 96.20 
78.29 96.20 78.30 96.30 
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The results given i n Table 1$ show that the c r y s t a l l i s i n g 
point and p u r i t y of the centrifuged product i s unchanged by the addition 
of o i l p r i o r t o centrifuging. 
Consequently, slu r r y i n g of the 70°C c r y s t a l l i s i n g point material 
w i t h o i l , so as t o produce a feed capable of handling by pumping equipment, 
shcxild give r e s u l t s a f t e r centrifuging similar to those obtained i n the 
laboratory. 
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PUNT CENTRIPUGING CF DISTILLED NAPHTHALENE OIL 
During the early laboratory work, d i l u t i o n of the feed 
centrifuge v^ as achieved by addition of o i l a f t e r complete c r y s t a l l i s a t i o n 
had taken place. 
Owing to d i f f i c u l t i e s of mechanical handling, i t would be very 
d i f f i c u l t to follow t h i s procedure exactly on a plant scale due to the 
high solids content of the c r y s t a l l i s e r feed. Ccmplete c r y s t a l l i s a t i o n 
w i t h constaxit a g i t a t i o n would be d i f f i c u l t , and furthennore, effective 
s l u r r y i n g of the c r y s t a l l i s e d material would create further problems. 
Consequently, with the knowledge gained so f a r , i t was f e l t 
that i f p a r t i a l c r y s t a l l i s a t i o n occurred so as to produce a crystal nucleus 
r e l a t i v e l y free ftr-on impurities, slurrying o i l could be added whilst 
c r y s t a l l i s a t i o n was s t i l l proceeding. I n t h i s way constant agitation 
could be maintained and effective slurrying would be ensured without the 
problem of mechanical mixing l a t e r . The impurities would tend to be 
deposited i n the outer c r y s t a l layers, leaving the nucleus r e l a t i v e l y 
pure, and consequentlyiy centrifuging should remove a high proportion of 
these impurities. 
METHCD 
Plani d i s t i l l e d naphthalene o i l (8C^ 6 naphthalene) at a 
temperature of 90°C, was p a r t i a l l y c r y s t a l l i s e d at a cooling rate of 
1-2°C per hour. At a temperature of about 40°C, 95^ wt/wt o i l was added 
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Method (Cont'd) 
to the c r y s t a l l i s e r s u f f i c i e n t to lov/er the overall c r y s t a l l i s i n g point 
to 50°C (31% p u r i t y ) . Cooling was then continued with agitation u n t i l 
25°C was reached, a f t e r # i i c h the material was pimped to the centrifuge 
v i a a ring-main syston. 
"Temperature of o i l equivalent to temperature within 
c r y s t a l l i s e r " 
EFFECT OF CAKE THICKNESS MP TIME OF CENTRIFUGING ON HffilTY OF PRODUCT 
The thickness of the cake ajid the time of centrifuging was 
varied, but no cake rinse was given. 
The c r y s t a l l i s i n g point of the discharged material was 
deteirriined i n each case. The results are given i n Table 17,=^  
TABLE 17 
EFFECT OF CAKE THICKNESS AND TIME OF CENl'RIFUGING ON PURITY OF PRODUCT 
Spin I d l e THICKNESS OF CAKE (INCHIS) 
Time (sees). 1 2 3 4- 1 1^ 2 
400 77.56 - - - - -
300 77.55 - - - - -
200 77.50 77.35 77.20 77.13 77.50 77.08 
180 77.50 77.23 77.10 77.10 77.40 77.10 
160, 77.00 77.25 ,. 77.05 76.90 - 77.38 
12+0 77.00 77.28 76.90 - 77.15 
120 76.43 77.18 76.82 76.90 - 77.10 
100 76.20 77.05 76.60 - - 76,80 
80 75.48 77.15 76.45 76.60 - 76.70 
40 75.80 76.55 73.50 73.75 - 76.70 
20 - 76.33 - - - -
10 - 74.83 - - - -
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Fran Table 17 i t i s evident that the thickness of the 
centrifuged cake has l i t t l e i f any, effect on the c r y s t a l l i s i n g point 
and subsequent p u r i t y of the discharged product. Increasing time of 
centrifuging (spin i d l e ) naturally increases the c r y s t a l l i s i n g point of 
the product. However, the most important feature of t h i s experiment, i s 
that the centrifuged product does not a t t a i n the desired 78°C c r y s t a l l i s i n g 
point, even though the centrifugal force developed i s 980 x g. I n the 
laboratory experiment (page 75 ) , a c r y s t a l l i s i n g point of 78°C was attained 
with a centrifugal force .as low as 425 x g (see Table . (Jiaximum 
c r y s t a l l i s i n g point attained i s 77.38°C as canpared with a c r y s t a l l i s i n g 
point of 78°C obtained i n the laboratory experiment.) 
An attanpt was made to increase the product c r y s t a l l i s i n g point 
w i t h the aid of detergent and caustic soda v/ashes. A cake thickness of 
I 5 ins. axid spin i d l e time of " 100 seconds were chosen as standard 
se t t i n g . The spin-dehydrate time was also set f o r 100 seconds. 
The f i r s t experiment deals.with the effect of detergent washing 
f o r varying periods of time and at varying temperatures, upon the 
c r y s t a l l i s i n g point of the discharged product. A repeat of t h i s 
experiment determines the effect of incorporating an Sfo wt/wt caustic 
soda wash i n place of the detergent wash. See Tables l8a and l8b. 
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TABLE I8a. 
EFFECT OF DETERGENT WASHING ON CRYSTALLISING POINT OF. PRODUCT. 
Spin I d l e 
Time (sees). 
Washing 
Time 
(sees). 
De-hydrate 
Time (sees). DETiRGENT (0,59^) TBIPEEATURE °C 1^ 30 50 74 
100 10 100 76,90 77.10 77.30 77.75 
100 10 100 76.85 77.13 77.36 77.80 
100 20 100 77.00 77.20 77.52 77.90 
100 20 100 77.10 77.20 77.55 77.91 
100 40 100 77*15 77.31 77.70 78.20 
100 40 100 77.17 77.30 77.72 78.50 
100 100 100 - - 77.89 78.45 
100 100 100 - - 77.92 78.49 
Yield of Product per charge - 241bs. 
C r y s t a l l i s i n g points corrected f o r moisture* 
NOTE, 
A cold water rinse follows the detergent rinse to remove excess 
detergent solution. 
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EABLE I8b. 
EFFECT OF CAUSTIC WASHING ON CRYSTALLISING PONT OF ERGDUCT. 
Spin Id l e 
Time (sees) 
Washing 
Time 
(sees) 
De-hydrate 
Time (sees) 
CAUSTIC SODJTIQN (8^) TMPJEATURE °C 
28 50 55 60 65 74 
100 10 100 77.65 77.80 77.55 77.55 77.60 78.50 
100 10 100 77.60 77.78 77.61 77.59 77.62 78.55 
100 20 100 77.50 78.15 77.95 78.50 77.90 78.25 
100 20 100 77.54 77.98 77.92 78.21 77.96 78.50 
100 40 100 77.46 77.90 77.95 78.25 77.95 78.10 
100 •140 100 77.51 77.92 77.95 78.20 77.95 78.20 
100 100 100 - - - - - -
C r y s t a l l i s i n g points corrected f o r moisture. 
DISCOSSICN OF RESULTS. 
I t was believed i n t i a l l y that after p a r t i a l c r y s t a l l i s a t i o n 
and sl u r r y i n g , contaminant formation would be produced i n the outer crystal 
layers, and that detergent washing incorporated, i n the centrifuging 
sequence wculd e f f e c t i v e l y remove these impurities. Table 19a shows that 
e f f e c t i v e removal to produce a 78°C c r y s t a l l i s i n g point product occurs only 
when the detergent solution i s applied at a temperature of 74°C. At t h i s 
temperature, the exuded o i l fron the centrifuge was at a temperature of 40°C. 
Accordingly, any contaminents melting at 40°C or less would autcmatically be 
dissolved out with the discharged o i l , thus increasing the naphthalene 
c r y s t a l l i s i n g point ajid p u r i t y . Thus, the increased tonperature i s the 
factor responsible f o r increased p u r i t y and not the detergent solution as 
such. 
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The incorporation of a caustic soda wash i n place of the detergent 
solution was based on the assxjmption that certain acidic eonpounds may 
s t i l l be present and that t h e i r removal through caustic washing may 
ablieve the desired 78°C c r y s t a l l i s i n g point product. As before, effective 
removal did not occur u n t i l a temperature of 74°C. was reached, the 
explanation being the same as i n the case of detergent washing. 
To proceed any further with the process as such defeats the 
purpose of the investigation, because although the required c r y s t a l l i s i n g 
point ajid p u r i t y may be attained, the recovery and y i e l d i s considerably 
reduced. Reduction i n y i e l d and recovery occurs because of the increased 
s o l u b i l i t y of naphthalene i n o i l at 40°C, compared to the s o l u b i l i t y at 20*^ 0, 
(increase i n s o l u b i l i t y amounting to 15 - 20^), 
A ccmparison of the laboratory work and semi-plant work shows that 
the only deviation i n operating sequence i s i n the c r y s t a l l i s a t i o n technique 
onployed during the semi-^lant work. I n the l a t t e r process, p a r t i a l 
c r y s t a l l i s a t i o n occurred, aifter vAiich, sliarrying o i l was added and 
c r y s t a l l i s a t i o n then allowed to proceed. Thus, the i n a b i l i t y of the 
centrifuging operation, to achieve the required degree of separation of the 
c r y s t a l l i s e r feed, must be due to contaminant formaticax through the addition 
of o i l t o the c r y s t a l l i s e r . The o r i g i n a l assumption, that contaminants 
would be deposited i n the outer c r y s t a l layers and thus be easily removed, 
may be p a r t i a l l y true, but obviously sane form of i n t r a - c r y s t a l l i n e 
impurities have also formed. 
To overcome t h i s d i f f i c u l t y , , consideration must be given to the 
chemical nature of the o i l added to the c r y s t a l l i s e r . An analysis of the 
sl u r r y i n g o i l used previously f-evealed the following compounds as being 
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present i n the o i l . 
Basic Nitrogen (as Quinoline) - 4.09^ 
Beta-Methyl Naphthalene - 1.90^ 
Alpha-Methyl Naphthalene - 0.40^ 
Sulphur (Thionaphthene) - 1.58^ 
Boiling Range of O i l - 118°C to 241°C. 
Both quinoline and thionaphthene form mixed crystals with 
naphthalene, whilst beta-methyl naphthalene forms a eutectic with 
naphthalene, melting at 25°C. 
I n order to demonstrate more f u l l y the contaminating effect of 
t h i s o i l , a sample of the o i l was d i s t i l l e d through an 8-pear bulb 
laboratory f r a c t i o n a t i n g column. The d i s t i l l a t e was collected i n t o 
three f r a c t i o n s , namely:-
Light O i l . 
The f r a c t i o n d i s t i l l i n g between 175°C and 200°C. 
Middle O i l . 
The f r a c t i o n d i s t i l l i n g between 200°C and 220°C. 
Heavy O i l . 
The f r a c t i o n d i s t i l l i n g between 220°C and 250°C. 
U t i l i z i n g the three o i l fractions prepsired as above, synthetic 
mixtures yrere made up by mixing 80^ ^  wt. of pure naphthalene ( c r y s t a l l -
i s i n g point 80.1°C) with 20^ by wt. of each of the three o i l fractions 
respectively. The r e s u l t i n g mixtures were heated to 90°C and allowed to 
c r y s t a l l i s e at a cooling rate of 5°C per hour. The c r y s t a l l i s e d material 
was then fed into the laboratory centrifuge f o r a period of four minutes 
and at a centr i f u g a l force of 1000 x g. 
See Table 3.% 
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TABLE J.9. 
VARIATION OF CENTRIFUGED PRODUCT CRYSTALLISING POINT WITH TYPE OF OIL USED 
FOR CRYSTALLISATION. 
Mixture T^e of 
Number O i l , 
Cry s t a l l i s i n g Point of 
Crystallised Product C 
Crystallising Point of 
Centrifuged Product °C, 
Light 
' 175° -
200 C. 
71.76 
72.75 
72.95 
77.90 
78,16 
. 78,06 
2 
73.41 
73.48 
73.96 
78,40 
78.23 
78.35 
3 
72.52 
72.82 
72.15 
78,02 
78,32 
78,30 
Middle 
O i l 
4 200 -
220°C 
73.00 
73.02 
73.98 
78,30 
78,10 
78.40 
5 
73.08 
73.02 
73.9* 
78.40 
78.40 
78.35 
6 
73.05 
73.02 
73.05 
78.55 
78.50 
78.40 
Heavy 
7 O i l ^ 
220° -
250 C 
73.00 
73.23 
73.12 
77.73 
77.98 
77.90 
8 
73.27 
73.98 
73.00 
77.95 
77.90 
77.99 
9 
73.97 
73.12 
73.98 
77.98 
77.90 
77.90 
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Consideration of the results given i n Table 19 show that 
centrifuging of the cr y s t a l l i s e d material prepared vdth heavy o i l , does 
not produce the required 78°C c r y s t a l l i s i n g point product, whereas materiel 
prepared from l i g h t o i l and middle o i l can be centrifuged to the required 
p u r i t y . 
Thionaphthene, beta-methyl naphthalene and quinoline a l l liave 
b o i l i n g points w i t h i n the range 220 - 250°C and i t i s therefore obvious 
that o i l of t h i s b o i l i n g range cannot be used for c r y s t a l l i s a t i o n purposes. 
A further experiment was carried out to determine the r e l a t i v e 
c r y s t a l surface contamination produced by addition of each type of o i l 
t o pure naphthalene, to produce a cold crystal slurr^^. The slurry ras 
then centrifuged under the conditions of the previous experiment, and the 
c r y s t a l l i s i n g point of the product determined. 
Method 
Synthetic mixtures prepared by slurrying BQ^ t by rrb. pure 
naphthelene w i t h 2C^ by wt. of l i g h t , middle and heavy o i l respectively. 
Each mixture centrifuged f o r 4 minutes at 1000 x g i n laboratory 
centrifuge. 
Results are given i n Table 20. 
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TABLE 20. 
VARIATION OF CRYSTAL SURFACE CONTAMINATION WITH TYPE OF OIL USED 
FOR SLURRYING, 
Type of O i l C r y s t a l l i s i n g point of Product After 
Centrifuging C. 
Light O i l ^ 
175° - 200 C 
79.55 
79.51 
79.A4 
Middle O i l 
200° - 220°C 
79.45 
79.51 
79.40 
Heavy O i l 
220 - 250 C 
79.50 
79.40 
79.52 
The above results show that there i s no significant differences 
i n product e r j ^ s t a l l i s i n g point irrespective of the type of o i l used f o r 
s l u r r y i n g . Thus any o i l impurities adhering to the crystal surface, can 
be e f f e c t i v e l y removed by centrifuging irrespective of the b o i l i n g range 
of the o i l . 
Having established the fact that once cxrystallisation has taken 
place, slurrying o i l can be added regardless of b o i l i n g rajige, without 
adverse effect on the p u r i t y of the centrifuged product, i t now ronains to 
determine the maximxam percentage of l i g h t and middle o i l s which can be 
added t o pure naphthalene p r i o r t o c r y s t a l l i s a t i o n , without the c r y s t a l l i s i n g 
point of the centrifuge product f a l l i n g below 78°C, 
Method. 
Samples of pure naphthalene were mixed with varying amounts 
of a mixture of 15?^  l i g h t o i l and 83% medivmi o i l . The resulting mixtures 
were c r y s t a l l i s e d at a cooling rate of 5° per hour. The cr y s t a l l i s e d 
material was then s l u r r i e d with a quantity of the mixed o i l to produce 
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an o v e r a l l c r y s t a l l i s i n g point of 50 - 55*^ 0. The d.urried material was 
then centrifuged as before. 
The results are shown i n Table 211. 
TABLE 2 1 . 
VARIATION QP PRODUCT CRYSTALLISING POINT WITH PERCENTAGE OIL DILUTION. 
Type of O i l % mi 
wt/wt 
Cr y s t a l l i s i n g Point 
After Q 
C r y s t a l l i s a t i o n C. 
Crysta l l i s i n g Point 
After Slurrying C 
Crysta l l i s i n g 
Point After 
0 
Centrifuging C, 
15^ Light 20 72.75 52.00 . 78.45 
20 75.21 52.60 78.59 
Middle 50 70.20 55.15 78.37 
O i l . 50 ' 70.55 52.65 78.51 
55 69.10 52.40 78.21 
55 68.90 52.10 78.20 
40 67.70 54.10 77.88 
40 67.55 55.50 77.85 
50 65.71 53.50 77.21 
50 65.50 54.00 77.35 
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The theoretical addition of saturated o i l to piire naphthalene, 
s u f f i c i e n t t o produce an overall 51 °C c r y s t a l l i s i n g point, i s 150^ wt/wt. 
(See Appendix 4, f o r deta i l s of calculation). 
The above experiment was repeated to determine whether further 
contaminant removal could be achieved by incorporating a detergent wash as 
part of the centrifuging sequence. A- cold water rinse followed the 
detergent rinse t o removal excess detergent. The centrifuging sequence was 
adjusted so as to maintain a t o t a l centrifuging time of 4 minutes. 
The results are shown i n Table 22. 
TABLE 2g. 
EFFECT OF DETERGENT RINSE.' 
fo O i l 
wt/wt 
C r y s t a l l i s i n g Point 
After 
C r y s t a l l i s a t i o n C 
Crystallising Point 
After Slurrying °C 
Crystallising Point 
M t e r Dgtergent Rins 
C. 
50 70.50 52.60 73.65 
50 70.28 52.58 78.59 
55 69.20 55.01 78.65 
55 69.15 52.40 78.65 
40 67.61 52.61 78.61 
40 67.72 . 55.10 78.58 
50 65.70 53.20 78.50 
50 65.62 53.35 78.51 
Detergent solution 0.^ aqueous Teepoi. 
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Consideration of the results shows that a marked increase i n 
c r y s t a l l i s i n g point has resulted fran the use of detergent washing, 
indicating that the greater part of contaminants originating fran 
l i g h t and middle o i l s , are i n the form of surface or i n t e r s t i t i a l o i l s , 
and are thus susceptable to detergent washing. 
I t caxi now bee understood v*iy failiore occairred during the semi-
plant scale centrifuging experiments, and the means whereby t h i s d i f f i c x i l t y 
may be overcome i s now apparent. D i s t i l l e d naphthalene (80^) from the 
d i s t i l l a t i o n u n i t can be c r y s t a l l i s e d with a quantity of l i g h t or middle 
oiH ( b o i l i n g range 175 - 220°C), such that the t o t a l saturated o i l i n 
contact with pure naphthalene "i-flmains at a maximum of 35^ wt/wt. A 
proportional calculation shows that to a t t a i n t h i s figure a further 1.25^ 
saturated o i l must be added to the c r y s t a l l i s e r ; (the percentage r a t i o of 
saturated o i l t o pure naphthalene f o r an 80^ naphthalene, i s i n i t i a l l y 33?^  
wt/wt^ The d i l u t i o n obtained at t h i s stage i s s u f f i c i e n t to allow 
constant a g i t a t i o n t o occur -vrtiilst (crystallisation i s i n progress. Once 
cjr y s t a l l i s a t i o n i s ccanplete, or nearly complete, slurrying o i l of any 
b o i l i n g range can be introduced d i r e c t l y i n t o the c r y s t a l l i s e r , s u f f i c i e n t 
to produce an overall c r y s t a l l i s i n g point of 50 - 55°C. The sl u r r i e d 
material can then be pumped d i r e c t l y into the centrifuge, whereby e f f i c i e n t 
separation may be ensured. To obtain an even higher degree of separation, 
a 0.^ aqueous detergent rinse may be incorporated into the centrifuging 
sequence, (See Diagram 9) 
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C O N C L U S I O N S 
The s i g n i f i c a n t factors described and discussed dioring the 
ccfurse of t h i s thesis can be summarised as follows :-
SEPARATION OP THE NAPHTHALENE - OIL SYSTM 
Fractionation 
Etactionation i s not an e f f i c i e n t method of separating the 
systan due to the r e l a t i v e closeness of boiling points of many of the 
conponents. Increased separation can be achieved by the use of very 
high separating power columns, but the recovery of naphthalene associated 
with a given degree of purity, decreases with increasing purity. 
Phenolic canpounds are p a r t i c u l a r l y l i a b l e to form low boiling 
azeotropes with naphthalene, and the resulting spread of naphthalene through 
azeotrope formation again leads to low recoveries of naphthalene. 
Providing the system i s washed with caustic solution to remove the bulk 
of phenolic ccmpounds, pr i o r to fractionation, then fractionatinn i s 
an i d e a l means of p a r t i a l l y separating the system as an intermediate 
stage for further separation. I f the degree of separation aimed at i s 
not too high, then by control of the fractionating conditions, light and 
heavy o i l s can be removed conparatively free fran naphthalene. A high 
recovery of naphthalene of intermediate purity i s thus obtained. 
C r y s t a l l i s a t i o n 
Impurities formed during c r y s t a l l i s a t i o n are of two types :-
(a) Inter c r y s t a l l i n e 
(b) I n t r a - c r y s t a l l i n e 
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Conclusions (Cont'd) 
I n t e r - C r y s t a l l i n e Bnpurities 
Occur as mother licjuor on the c r y s t a l surface or as o i l s 
trapped within the c r y s t a l i n t e r s t i c e s and are found to increase i n amount 
with decreasing c r y s t a l s i z e . Thus to reduce as far as possible; 
impurities of t h i s type, crj'^stallisation conditions should be such as to 
encourage the formation of large c r y s t a l s . 
I n t r a - C r y s t a l l i n e Impurities 
Occur as mixed c r y s t a l s or high melting eutectics v/ith 
naphthalene. Impurities of t h i s type are fonned frcm compounds such as 
thionaphthene, beta-methyl napthalene and quinoline. The amount of 
i n t r a - c r y s t a l l i n e impurities fonned depends primarily on the amount of 
such material i n the o i l and on the f i n a l c r y s t a l l i s a t i o n temperature. 
Control of rate of <3rystallisation, although having no effect 
on mixed c r y s t a l formation, leads to well defined layers of eutectic 
i n p u r i t i e s p a r t i c u l a r l y i n the outer c r y s t a l layers. Rapid or shock 
cooling hCTvever, leads to supersaturation and subsequent randan 
deposition of eutectics, thus rendering further separation by centrifuging 
more d i f f i c u l t . 
S t i r r i n g or agitation dueing c r y s t a l l i s a t i o n i s b e n e f i c i a l i n 
that i t tends to prevent supersaturation frcm occurring. 
Centrifuging 
C r y s t a l l i s a t i o n and centrifuging of the original o i l w i l l 
not produce the required degree of separation under any conditions. I f 
however, p a r t i a l separation of the o i l i s f i r s t obtained by fractionation, 
p a r t i c u l a r l y the ranoval of the high boiling o i l s , then by controlled 
c r y s t a l l i s a t i o n , centrifuging achieves a high degree of separation 
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Conclusions - Centrifuging (Cont'd) 
and vdth a high recovery. 
Increased speed of centrifuging increases the degree of 
separation up to a given point, beyond # i i c h no further separation i s 
achieved. This point corresponds to the maximum ranoval of outer c r y s t a l 
layer impurities eind surface o i l s . A further increase i n o i l impurity 
removal can be achieved by incorporating a detergent ri n s e during the 
centrifuging sequence. 
A further factor emerges at t h i s stage, with respect to 
mechanical separation. The presence of phenolic canpounds i n the o i l , 
increases the s o l u b i l i t y of naphthalene i n the o i l . Thus increased loss 
of naphthalene to the centrifuge drain o i l would occur i f these canpounds 
were present, to any extent, i n the o i l . 
On.a large scale separation unit, ease of handling of the 
material fran the c r y s t a l l i s e r to the centrifuge becanes of great importance. 
To ensure constant agitation during c r y s t a l l i s a t i o n and ease of pumping 
of the c r y s t a l l i s e d product to the centrifuge, i t i s necessary to 
c r y s t a l l i s e the material fran the d i s t i l l a t i o n unit v/ith a quantity of 
o i l of maxnmimi boiling point 220°C, such that, the percentage r a t i o of 
saturated o i l i n contact with pure (lOC^) naphthalene, does not exceed 
5 ^ wt/wt. 
Once c r y s t a l l i s a t i o n i s canplete, further o i l , irrespective of 
boi l i n g point, can be added to the c r y s t a l l i s e r to produce a f l u i d slurry 
to the centrifuge. 
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PROPOSED THREE STAGE SEPARATION bTSTMl. 
The proposed system designed to ensure g degree of 
separation of the napthalene o i l , such that a naphthalene purity 
of 96% (78°C c r y s t a l l i s i n g point) with a minimum recovery of SC^r of 
the available naphthalene i n the naphthalene o i l , i s oMained, i s 
summarised below:-
STAGE I . 
Caustic washed naphthalene o i l obtained from the 'Hilton 
pipe s t i l l , i s fractionated tlirough the Plant D i s t i l l a t i o n unit, under 
conditions such that the light and. heavy o i l s are removed r e l a t i v e l y 
free frcm naphthalene. A high y i e l d and recovery of naphthalene of 
intermediate purity {80fo) can then be obtained. 
STAGE I I . 
The 80^ purity naphthalene i s then fed into the c r y s t a l l i s e r 
along with a further 1.25^ wt/wt of light and medium boiling o i l , (maximum 
boili n g point 220°c), Crj-'stallisation then proceeds with constant 
agitation at a controlled cooling rate of 2°C per hour. I'/hen 
c r y s t a l l i s a t i o n i s complete, further o i l (approx. SO^b wt/wt) irrespective 
of b o i l i n g point, i s added to the c r y s t a l l i s e r to produce a f l u i d slurry 
which can then be e a s i l y pumped into the centrifuge. 
STAGE I I I . 
A centrifuging sequence consisting of:-
(1) o i l discharge spin (time 100 sees.) 
(2) aqueous detergent rin s e (0.5 teepol) (time 100 sees.) 
(3) water rin s e (to remove excess detergent) (time 100 sees.) 
(4) dehydrating spin (time 100 sees.) 
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STAGE I I I (Cont'd). 
The centrifuged naphthalene product i s now at the required 
S6% purity, and the calculated overall three stage recovery i s 90^ 
( o v e r a l l recovery fran o r i g i n a l process i s 53°/°)' 
A detailed calculation showing the purity and recovery 
obtained at each separation stage i s given i n Appendix 1. Diagram 3X) 
gives a f l o w diagram of the proposed process. 
Appendix 1 gives a conparison of the proposed three stage 
system and the o r i g i n a l separation system i n operation at the time of 
t h i s investigation. (See Diagramll ) . 
i The proposed three stage system described above has been 
successfully operated at the works of North Eastern Tar D i s t i l l e r s 
Limited, and has produced a naphthalene of S6fa purity with an overall 
recovery of SC^o as specified. 
The o v e r a l l recovery fran the original process was 53^. 
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APPENDICES. 
APPENDIX 1. 
CALCULATION CF THE RECOVERY OF AVAILABLE NAPHTHALENE PRESENT IN THE 
NAPHTHALENE OIL. AFTER PROCESSING OF THE OIL THROUGH THE 5 STAGE SYSTEM 
DESCRIBED. 
Feed. Naphthalene o i l of coke oven origin containing approximately 
50^ naphthalene. 
Final Product 
96^ purity naphthalene. 
Data Given, 
PEED. 
Crystallising Point 
°C 
Naphthalene Purity 
?^  
Light Oil Heavy Oil 
54.50 56.80 32.28 10.90 
I s t Stage Separation, 
Fractionation of Feed iiiroui#i continuous twin column Distillation 
Unit. 
OPERATING CONDITIONS. 
Column Feed 
Rate 
Galls/ 
Hour. 
Feed 
Tgnp. 
Pressure 
Ins. Hg. 
AbSf 
R/Ratio Theoretical 
Plates. 
1 200 150 4 15/1 11 
2 - - • 2 V1 11 
100 
FRACTIONATION PRODUCTS. 
fo Naphthalene % Light Oils fo Heavy Oils. 
Porerunnings 
Product, 9.0 91.0 • Nil 
Naphthalene 
Product. 81 .if 18.1 . 0.5 
Heavy Ends 
Product. 20.0 Nil 80.0 
Calculation of 1st Stage Recovery. 
To calculate the quantity of naphthalene produd* obtained fran 
100 tons feed. 
Appendix 2 gives the derivation of an equation enabling the 
yield of naphthalene product to be calculated. This equation i s as 
follows:-
Yield = 100 (zh - zY - hX) »
(zh - zy - hx)  h j
where z - % Light o i l in Forerunnings Product 
h = % Heavy o i l in Heavy Ends Product. 
J = fo Heavy o i l in Peed. 
X = fo Light o i l in Feed. 
y = fo Heavy o i l in K^hthalene Product. 
X = fo Light o i l in Naphthalene Product, 
Substitution in this equation gives:-
Yield of Naphthalene Product 
= 100 (91 X 80) - (91 X 10.9) - (80 x 32,28) 
(91 X 80) - (0 .5 X 91J - (80 x 18.1) 
= 64.44 tons. 
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Since this product contains 8 l , k f o Naphthalene, then 
Recovery of Naphthalene = 64.44 x 81.4 Q2 
as Naphthalene Product. 56.8 ~ ^s=M° 
2nd Stage Separation. 
Crystallisation. 
D i s t i l l e d naphthalene product ftcm 1st stage separation 
intrc5duced into carystalliser at 90°C and mixed with 1.25^ wt/wt o i l 
(max. boiling point of o i l - 220°C). 
Cooling rate \ •• 2*Vhour. 
3rd Sta^e Separation. 
Crystallised product slurried with o i l to give a slurry 
equivalent to 5lfo naphthalene and fed into centrifuge. 
Centrifugal force = 980 x g. 
Cycle time = 5 mins. 
Calculation of 3rd stage recovery. 
To calcrulate the recovery of naphthalene when upgrading the 
centrifuge feed fran 51^ naphthalene to 96?2 naphthalene. 
Appendix 3 gives the derivation of an equation enabling the 
recovery to be calculated. 
The equation i s as follcjwB:-
Recovery = 100 (X - 20) J%\ (a - 20)^ X / 
where X = i n i t i a l % naphthalene 
Z = fi n a l in naphthalene. 
When using this ecjiation i t must be remembered, that although the 
81.4^ naphthalene has been slurried down to b\% naphthalene, the actual 
uprgrading occursfftcm 81 ,l0o to The explanation being, that slurrying 
o i l i s in fact, centrifuge^;^5M^ai^(recycle o i l ) and as such, i s already 
saturated with naphthalenl^,,pSs'^Si removal of this o i l , no loss of 
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naphthalene occurs. 
Substitution in the equation gives:-
Recovery = 100 ( 8 l , L - 20 4 - 2 0 ) % 
96 - 20) ^ 81.1 
Thus overall recovery of naphthalene 
Recapitulat ion. 
1st Stage. Naphthalene Purity = 8l ,l^o. Recovery = 9 2 . 3 ^ 
2nd & 3rd Stage. Naphthalene Purity = 96fo, Recovery = 95.2^ 
Canbined Recovery = 8 ^ 
The fact that an overall 88^ recovery i s obtained rather than 
the minimum 90^» i s due to the low 1st stage recovery. Recoveries at 
this stage are usually about 95^, and depend to a considerable extent 
on the feed canposition. 
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CCMPARISON OF PROPOSED AND ORIGINAL SEPARATION SYSTMS. 
(Feed - 50^ Naphthalene). 
Broposed System Original System. 
Stage 1• 
Fractionate. 
Purity 81 
Recovery 92.35^ 
Gravity draining. 
Purity 80.0^ 
Recovery 80.85^ 
Stage 2 . 
Crystallise. Fractionate. 
Purity 96.0^ 
Recovery 66.5^ 
Stige 3 . 
Centrifuge. 
Purity 96.0^' 
Recovery 95.2?5 
Overall Recovery 88.0^ Overall Recovery 53• 8^ 
- 105 -
APPENDIX 2. 
The Calculation of Naphthalene Recovery as Naphthalene 
Product After Distillation of the Feed Through The 
Continuous Distillation Unit. 
Analysis of the Plant Peed and fractionation products gives 
the following tabulated data. 
% Light Oil 
B.Pt/2l8°C 
% Heavy Oil 
B.Pt.>2l8°C 
Feed X Y 
ForexTonnings Product mm 
Naphthalene Product 7 
Heavy Ends Product, - h 
Calcajlation. 
Given 100 tons Feed. 
Let A Tons Naphthalene Product, te produced. 
B Tons Forerunnings Product be produced. 
C Tons Heavy Ends Product be prc^duced. 
Let a be cjuantity of Light Oil in Naphthalene Product, 
b be quantity of Light Oil in Forerunnings Prodact, 
c be quantity of Heavy Oil in Naphthalene Product, 
d be quantity of Heavy Oil in Porerunnings Product. 
- 106 -
Then:- z B -u. 
100 ^ 
M 
• U - ^ 
U - ' •••• t'^ ) 
A + B + C = 100 (5) 
a + b = X (6) 
c + d = Y. (7) 
Fran ( l ) (2) and (6):-
z_2 + 2 ^ = X (8) 
and fran (3) (4) and ( 7 ) : -
= • 
Fran (9):-
C = 100 Y - g A. 
h 
and fran (5) 
C = 100 - A - B 
Therefore A (h - y) = 100 H - 100 Y - h B . . . (10) 
Fran (8) and ( l ) 
X A + z B = 100 X 
(h - y) A + h B = 100 (h - Y ) 
Therefore (h - y) z A - h x A = 100 z (h - Y ) - 100 hX 
Therefore A = 100 (z h - z. Y - h X) 
~ (h z. - y z - h x) 
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andB = l O O X - x A 
and C = 100 - (A + B) 
Consider Distillation Run No.1. Table 13* 
Data given. 
f Light Oil % Heavy Oil % Naphthalene 
Peed 32.28 10.90 56.80 
Forerunnings Product 91.00 Nil 9.00 
Naphthalene Product 18.60 Nil 81.40 
Heavy Ends Product. Nil 80.00 20.00 
B = (100 X 32.28) - (18.6 X 63.93) 
91 
= 22.4 
C = 100 - (A+B) = 13.6? 
Thus from 100 Tons Beed:-
63,93 tons Naphthalene Product 
22,40 tons Forerunnings PrcDduct 
13.67 tons Heavy Ends Pr<3duct, 
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Recovery of Naphthalene on 1 0 0 Tons Feed ( 5 6 . 8 ^ Naphthalene). 
6 3 . 9 3 Tons Naphthalene Product containing ^^ ,L^o Naphthalene 
i s equivalent to 8 I . 4 x 6 3 . 9 3 = 5 2 . 0 5 Tons Naphthalene 
1 0 0 
Therefore Eecovery of Naphthalene as Naphthalene Eroduct 
= 5 2 . 0 5 X 1 0 0 = 9 1 . 7 ^ 
- 109 -
The Calculation of the Yield and Recovery of 
Naphthalene. Obtained By C r y s t a l l i s a t i o n and 
Mechanical Separation of a Naphthalene - O i l 
Syston. 
Given;- 1 0 0 parts of o i l containing naphthalene. 
C r y s t a l l i s a t i o n and o i l separation occurs at 20°C, to give Yfo 
crystals containing 2 ^ naphthalene, and ( 1 0 0 - Y ) parts of drained 
o i l saturated with naphthalene at 20°C, 
( 2 3 ) 
On the basis of Potashnikov's data^ ' the drained o i l 
w i l l contain 20fo wt/wt naphthalene at -20°C, 
A naphthalene balance then gives:-
Therefore X = 1 0 0 ^ ^ Yield of crystals. 
The % recovery of available naphthalene 
= Lz = ( X - 2 0 ) 0 0 z 
X (z - 2 0 ) X 
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APPENDIX 4. 
Calculation of the Theoretical Quantity of S a ^ a t e d 
O i l Required to Produce a 52% Naphthalene (SO^CCPt) 
Fran 10C% Naphthalene (80.3°C. C.Pt)." 
Given; 100 tons 100^ Naphthalene 
Let X tons saturated o i l be added. 
Since saturated o i l a t 20°C contain 20^ naphthalene then:-
t o t a l naphthalene = 100 + X 
5 
and t o t a l naphthalene _ ^2 
t o t a l naphthalene + unsaturated o i l 
X 
Therefore 100 + - _ ^ 
100 + X 100 
Therefore X = 1^0 tons. 
Thus the theoretical percentage of saturated o i l required i s 
150^. 
- I l l -
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